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SUMMARY
Lead-lag dampers are present in most rotors to provide the required level of damping
in all flight conditions. These dampers are a critical component of the rotor system, but
they also represent a major source of maintenance cost. In present rotor systems, both hy-
draulic and elastomeric lead-lag dampers have been used. Hydraulic dampers are complex
mechanical components that require hydraulic fluids and have high associated maintenance
costs. Elastomeric dampers are conceptually simpler and provide a “dry” rotor, but are
rather costly. Furthermore, their damping characteristics can degrade with time without
showing external signs of failure. Hence, the dampers must be replaced on a regular basis.
A semi-active friction based lead-lag damper is proposed as a replacement for hydraulic
and elastomeric dampers. Damping is provided by optimized energy dissipation due to fric-
tional forces in semi-active joints. An actuator in the joint modulates the normal force that
controls energy dissipation at the frictional interfaces, resulting in large hysteretic loops.
Various selective damping strategies are developed and tested for a simple system con-
taining two different frequency modes in its response, one of which needs to be damped
out. The system reflects the situation encountered in rotor response where 1P excitation is
present along with the potentially unstable regressive lag motion. Simulation of the system
response is obtained to compare their effectiveness. Next, a control law governing the actu-
ation in the lag damper is designed to generate the desired level of damping for performing
adaptive selective damping of individual blade lag motion. Further, conceptual design of a
piezoelectric friction based lag damper for a full-scale rotor is presented and various factors
affecting size, design and maintenance cost, damping capacity, and power requirements of
the damper are discussed. The selective semi-active damping strategy is then studied in
the context of classical ground resonance problem. In view of the inherent nonlinearity in
the system due to friction phenomena, multiblade transformation from rotating frame to
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nonrotating frame is not useful. Stability analysis of the system is performed in the rotating
frame to gain an understanding of the dynamic characteristics of rotor system with attached
semi-active friction based lag dampers. This investigation is extended to the ground res-
onance stability analysis of a comprehensive UH-60 model within the framework of finite
element based multibody dynamics formulations. Simulations are conducted to study the
performance of several integrated lag dampers ranging from passive to semi-active ones
with varying levels of selectivity. Stability analysis is performed for a nominal range of




Although it would be most desirable to completely eliminate lead-lag dampers from heli-
copter rotor systems, this ideal goal remains elusive despite significant research in this area.
Designs have been proposed that eliminate the need for lead-lag dampers in ground reso-
nance or air resonance cases, but designs that manage to achieve both goals simultaneously
have not been fully satisfactory. Furthermore, lead-lag damping is also required during
maneuvering flight, such as descent flight conditions. Consequently, lead-lag dampers are
found on most rotor systems despite the added mechanical complexity and cost. Hydraulic
dampers are complex mechanical components that require the use of hydraulic fluids in the
rotating system. This results in high maintenance costs to prevent oil leaks and subsequent
failure. Elastomeric dampers are conceptually simpler and provide a “dry” rotor, but are
rather costly. Furthermore, their damping characteristics can degrade due to temperature
and stress cycling, thus resulting in high maintenance cost. More often than not, this degra-
dation occurs without external signs of failure and hence the dampers must be replaced on
a regular basis, further contributing to the high cost of the device. Figure 1.1 shows the
respective costs per flight hour for the AH-64 helicopter; main rotor lead-lag dampers are
the most expensive item to maintain.
1.1 Semi-Active Friction Lead-Lag Damper
Effective vibration reduction in structural systems can be obtained by means of adaptive
joints. Figure 1.2 depicts an adaptive joint as developed by Gaul [47]. The piezoelectric
element is used to modulate the normal force at the frictional interface, thereby controlling
the resulting frictional force. For low values of the normal force, sliding takes place at the
interface, but according to Coulomb’s law the frictional force remains small, as does the
resulting energy dissipation. For high values of the normal force, high static frictional forces
1
Figure 1.1: Respective costs of various critical rotor components
are obtained and the joint remains locked; no energy is dissipated since no relative motion
is taking place. An instrumented damper provides the optimal normal force which will
maximize energy dissipation by using a real-time control system that modulates the normal
force at the joint interface.
Figure 1.3 illustrates the hysteresis loops obtained in instrumented and non-instrumented
joints. A non-instrumented joint, i.e. one providing a constant normal force, produces the
inner curve, that has only a modest hysteretic area and consequently dissipates only a small
amount of energy. On the other hand, the controlled version of the joint, corresponding to
the outer curves, is characterized by a significant increase in the hysteretic area, therefore
greatly increasing the damping effectiveness of the system.
The proposed device is semi-active, in the sense that the characteristics of a passive ele-
ment, the frictional interface, is dynamically modified by means of a piezoelectric actuator.
This approach was shown to be very effective for damping structural vibrations in space
2
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Figure 1.3: Hysteresis loops for joints with various normal forces, ref. [47]
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structures [45].
The proposed semi-active friction dampers rely on a control system to modulate the
normal force at the frictional interface, in an effort to maximize energy dissipation. Linking
together the control systems of the blades opens up new avenues for system level optimiza-
tion, by providing Adaptive Selective Individual (ASI) lead-lag damping capabilities.
“Adaptive” means that the damping provided by the system can be tuned to vari-
ous flight conditions; this can be achieved in a simple way with the semi-active dampers
proposed here since the damping level is tunable by design. This is contrast with conven-
tional designs that rely on a pre-determined damping level, which must be a compromise
between the optimal damping levels that would be required for the various flight conditions.
“Selective” refers to the fact that the proposed device can target specific lag frequencies
for damping, while conventional design are typically unable to distinguish among the various
frequencies contained in the blade response. To be more precise, consider for instance the
problem of ground resonance. In this case, damping is required for the rotor “regressive”
mode, but not for the collective modes, since these do not affect the center of gravity posi-
tion of the rotor. In forward flight, hydraulic or elastomeric dampers will provide damping
of the 1/rev motions of the blade that, in fact, might not be required. In turn, this increases
loads in the blade as well as wear and fatigue of the damper and lead-lag link. In all these
situations, the control system that actuates the piezoelectric elements could be designed to
target the specific frequencies at which damping is actually needed, while providing little
or no damping for the others.
Finally, the word “individual” refers to the fact that the proposed control system can
provide damping to each individual blade in a locally optimized manner, hence achieving in-
dividual blade lead-lag damping. Indeed, the semi-active dampers provide tunable damping
to each blade, and the centralized control system has the flexibility to operate the various
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dampers in a locally optimal manner. This option is not available with conventional, passive
designs that lack a centralized control system which could take local selective actions based
on the global behavior of the system.
One important aspect of the proposed semi-active dampers is the very modest amount
of power required for operation. This contrasts with many proposed active rotor concepts
that require unrealistic power levels. In the event of an engine-out emergency, the small
amount of required power could be drawn from the system APU, or could be generated by
a small electric generator that takes advantage of the relative motion of the rotating shaft
and fixed shaft housing. Indeed, if the engine is out, the shaft will be rotating, and sufficient
power would be generated to operate the damping system until safe landing.
1.2 Objective and Scope of the Current Work
The present research effort investigates the suitability of semi-active dampers for rotor-
craft lead-lag damper applications. The enhanced energy dissipation associated with the
controlled frictional behavior of the proposed devices has been proven to be effective in
damping structural vibrations of large space structures. The semi-active dampers could
be low-cost alternatives to hydraulic and elastomeric dampers. Furthermore, this design
solution opens the door to adaptive, selective and individual damping control of the ro-
tor. These concepts promise to be very effective and do not seem to have been explored
so far, probably for the lack of a viable solution for providing the required tunable damping.
The research effort focuses on a conceptual design of the proposed device. A model of
the semi-active friction damper is developed and several issues affecting its practical appli-
cation in commercial rotors are discussed. The second objective of the research is to design
a semi-active control strategy governing damper operation that adjusts the magnitude and
operational interval of frictional resistance to achieve selective damping of unstable modes,
thereby reducing excessive burden on the power plant and extending the service life of
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the damper. The realistic model of the complex rotorcraft system is developed within the
framework of finite element based multibody dynamics formulation [5], including an adap-
tive controller to perform adaptive selective damping of regressive lag modes of individual
blades. The damping capacity of semi-active friction dampers is assessed in comparison to
that of hydraulic damper. This dissertation is organized into six chapters.
In Chapter 2, a survey of relevant work published in the literature is presented. The
significant studies related to analytical and experimental study of aeromechanical stability
of helicopters are reviewed. Various control approaches are studied and tested to augment
aeromechanical stability in rotorcraft applications ranging from passive techniques to more
robust active techniques. The various elements of the two control approaches are summa-
rized, and several control approaches developed to stabilize helicopters against ground and
air resonance are reviewed. Semi-active control methods imbibe best features of both ap-
proaches. Various semi-active lag damping techniques attempted by various researchers are
summarized. Semi-active friction based damping, being the focus of current investigation,
is discussed in detail, and various control laws developed along the lines are presented.
In Chapter 3, the concept of semi-active damping using friction modulation is presented.
The control laws based on Lyapunov’s stability theory are formulated. Further, to investi-
gate the concept of selective damping, several strategies, with heuristically chosen damper
operational timing schedule, are considered to perform selective damping of component
mode of a system motion resembling rotor lag motion.
In Chapter 4, the classical ground resonance analysis of a coupled rotor-fuselage sys-
tem integrated with semi-active friction damping mechanism is presented. A four-bladed
isotropic rotor model connected to the fuselage is modeled as a spring-mass-damper system
and further analyzed. A semi-active lag damper employing friction modulation is modeled
as a feedback control law, and rotor stability with respect to unstable modes is investigated.
The objective of this analysis is to validate the semi-active friction damping concept and
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ascertain the actuating capacity desired to perform the task. This would further assist in
damper design for realistic helicopter rotor systems.
In Chapter 5, the proposed concept is applied to the case of UH-60 rotorcraft. A com-
prehensive model of UH-60 is developed using the flexible multibody finite element code
DYMORE. To assess the ground resonance stability of the system, rotor simulations are
performed in a range of nominal rotor speeds. Prony method is used to analyze system
stability with respect to several damping strategies.
In Chapter 6, the conceptual design of a piezoelectric, friction-based lag damper for a
full-scale rotor is presented. Various aspects of the design, such as damper size, design and
maintenance cost, damping capacity, and power requirements of the damper are discussed.
The significant conclusions obtained from the present study are presented in Chapter 7.




Over the last two decades, increasing effort has been devoted to simplify rotor hub designs.
The desire to build a rotor with lower parts count, reduced weight, drag and maintenance
requirements has encouraged the design and development of bearingless main rotors (BMR)
for helicopters. The BMR achieves the objectives of reduced life-cycle costs, improved hub
designs and superior handling qualities by replacing flap and lag hinges and the pitch bear-
ing with a flexbeam/torque tube assembly. The out-of-plane rotor flap mode is typically
well damped due to aerodynamic forces, as are the pitching and/or torsional rotor modes.
The in-plane rotor mode, or lag mode, has relatively little aerodynamic damping. The
rotors are typically classified into soft-inplane rotors and stiff-inplane rotors depending on
the magnitude of lag natural frequency in relation to rotor speed. Soft-inplane rotors have
fundamental in-plane or lag mode natural frequency lower than the rotor speed, while it is
the opposite for stiff-inplane rotors.
Soft-inplane hingeless rotor systems have several advantages over their stiff-inplane coun-
terparts ranging from reduced weight and maintenance to reduced vibration and loads. The
hubs with lower loads need less structural weight to support those loads. Consequently, a
soft-inplane hub results in potentially less weight and improved reliability. A soft-inplane
hingeless rotor can use more blades than a stiff-inplane, articulated or rigid hub. As the
number of blades increases, the noise and vibration levels decrease, increasing passenger
comfort. In spite of benefiting from these advantages, soft-inplane rotor systems are inher-
ently vulnerable to the aeromechanical instabilities of ground and air resonance. Ground
resonance is a coalescence of the rotor lag mode with the landing gear modes while the
helicopter is on the ground. Air resonance is a coalescence of the rotor lag mode with
the fuselage modes while the helicopter is in high-speed forward flight. At least in part
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because of the potential for air and ground resonance in a soft-inplane hub, the Bell XV-15,
the Bell-Boeing V-22 Osprey, and the new Bell Augusta 609 have stiff-inplane, gimbaled
rotors which do not experience these instabilities. The traditional approach to alleviate
aeromechanical instability is by providing blade lead-lag damping mechanism. Hence, heli-
copters have traditionally been equipped with passive elastomeric or hydraulic lag dampers
at the rotor hub. These passive dampers have certain drawbacks. Hydraulic dampers are
prone to leakage problems and can result in high damping forces when amplitude increases.
Elastomeric dampers are sensitive to temperature, exhibiting significant loss of damping at
extreme temperatures and have been found to cause limit cycle oscillations in rotor blades.
Other than passive dampers, the passive damping concept utilizing aeroelastic couplings
to augment rotor-body aeromechanical stability has also been investigated. Aeroelastic
couplings, being continuous variables, make the task of determining an optimum combina-
tion of aeroelastic couplings that result in satisfactory rotor-body aeromechanical stability
characteristics over a broad range of variations in configuration and operating conditions
a challenging task. Further, implementation methods for the aeroelastic couplings have
not been successfully answered so far. In addition to passive techniques, active control
techniques have been investigated to improve helicopter aeromechanical stability. Active
vibration reduction strategies including individual blade control (IBC) and active pitch
control using the swash-plate require additional hardware and thus have high power re-
quirements, additional weight and higher complexity.
Recently, there has been growing interest in the use of semi-active techniques to suppress
helicopter vibrations. The semi-active techniques have already been successfully tested for
engineering applications such as automobile suspensions, space structures and implemented
in others such as seismic structures. Semi-active devices combine the positive aspects of
passive and active control devices in that they are controllable (like the active devices) but
require little power to operate. The closed loop semi-active systems are inherently stable
owing to the ‘passive’ nature of the control and are insensitive with respect to the spillover
problem. The helicopter rotor equipped with semi-active damper will have reduced hub
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Figure 2.1: Bell 412 with soft-inplane rotor
Figure 2.2: Bell Boeing V-22 Osprey with stiff-inplane rotor
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complexity and weight in addition to adaptive compensation in response to variations in
operating environment.
In this research, lead-lag damping by semi-active friction modulation is studied and
further, an innovative design for a lead-lag damper employing the technique is presented.
The literature survey performed failed to identify any published work similar to the concept
proposed in this work suggesting the uniqueness of this approach. Relevant background
work published in the open literature is presented in this chapter. The literature review is
separated into two sections corresponding to the two main aspects of this research, namely:
the aeromechanical stability of helicopters and the control techniques in the context of
aeromechanical stability augmentation. The semi-active friction based damping technique,
being the source of inspiration behind this work, has been discussed in detail and several
relevant control laws developed have been reviewed.
2.1 Aeromechanical Stability Augmentation
Aeromechanical stability of helicopters is a nonlinear phenomenon involving interactions
between aerodynamic, inertial and elastic forces. The striking advantages of hingeless and
bearingless rotor systems over articulated rotors such as reduced weight, maintenance, vi-
bration, and loads, is countered by their susceptibility to instabilities such as air resonance
and ground resonance due to the interaction of the poorly damped cyclic lag mode with
the coupled low frequency flap modes and rigid or elastic airframe modes. A comprehensive
review of bearingless rotor programs is given by Huber [58]. The phenomenon of ground
resonance has been investigated extensively ever since this problem was identified in the
autogyros of the 1930’s and early 1940’s. The characterization of air and ground resonance
is recognized as one of the top twenty advances in vertical flight history by the American
Helicopter Society (Carlson [18]). During ground resonance, the cyclic lag modes produce
a wobble of the rotor center of gravity (see figures 2.3 and 2.4) causing shifting fore and aft
and laterally of the effective mass of the rotor which couples with the vibration of the fuse-




Figure 2.3: Rotor CG movement due to ζc lag mode
Rotor CG
W
Figure 2.4: Rotor CG movement due to ζs lag mode
differing from ground resonance in the source of the fuselage stiffness and damping. While in
ground resonance, the sole source of both stiffness and damping is typically the landing gear
assembly; in air resonance, gravity (or, alternatively, rotor thrust) and aerodynamic damp-
ing are sources of stiffness and damping. Air resonance results in large vibrations, leading
to passenger discomfort and material fatigue, and poorer handling qualities (Ormiston [87]).
Coleman [21] was first to study the phenomenon of ground resonance and provide a
mathematical explanation for it. The analysis was based on a simple four-degree-of-freedom
model which included body pitch and roll and high and low frequency lag modes for the
blade (in the non-rotating frame), neglecting the aerodynamic effect. The instability was
found to occur when the low frequency lag mode coalesces with the body mode. In 1958,
Coleman and Feingold [22] published an analysis of ground resonance for articulated rotors
considering four degrees of freedom. The rotor aerodynamic force was neglected as before.
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Other early analysis of ground and air resonance are conducted by Hooper [56] and Gabel
[40]. Donham, Cardinale, and Sachs [24] added aerodynamic effects to their analytical for-
mulation and tested the Lockheed XH-51A to show ground and air resonance instabilities.
Lytwyn, Miao, and Woitsch [72] extended the basic Coleman analysis for hingeless rotors,
which have more severe air resonance problems. Their analysis added quasi-steady aero-
dynamics to show that the BO-105 hingeless helicopter was inherently stable due to the
aerodynamic damping. The works showed the importance of aerodynamic forces for accu-
rate modeling of ground and air resonance for hingeless rotors. In the 1980s, Johnson [60],
Bousman [12], Ormiston [86], Friedmann and Venkatesan [39], and other researchers stud-
ied mathematical models for aeromechanical stability analysis. Bousman compared theory
with experimental data and concluded that the absence of dynamic inflow in the theoretical
model is the cause for the discrepancy between the predicted damping and experimental
results and that predicted by theoretical model. Johnson added dynamic inflow to the the-
oretical model with dynamic inflow and obtained better agreement with the experimental
data than the results based on a model without dynamic inflow. Friedmann, using a the-
oretical model based on a quasi-steady aerodynamic model, also compared his prediction
with Bousman’s results. His theoretical model based on a quasi-steady aerodynamic model
gave better agreement with the experimental data than the agreement noted by Bousman.
Nagabhushanam and Gaonkar [80], using the finite-state wake model, studied aeromechani-
cal stability of hingeless-rotor helicopters in ground-contact, hover, and trimmed flight. The
correlations from the finite state wake, dynamic inflow and vortex models were generally
satisfactory. Recently, Sela and Rosen [93] analyzed the effect of alternate inter-blade con-
nection for ground resonance. They also showed that the rotor anisotropy (damping and
stiffness of connectors) had some added benefits. Many aspects of aeromechanical stabil-
ity such as causes of instability, analytical and empirical modeling of the phenomena and
means to improve, have been studied over the last fifty years (Hohenemser [55], Ormiston
[85], Miao [79], Friedmann [37], Chopra [20], Smith [101]).
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Figure 2.5: Control strategies
2.2 Control Strategies
Vibration and noise in a dynamic system can be reduced by a number of means. These can
be broadly classified into active, passive, and semi-active strategies. Selecting a particular
strategy involves a number of decisions. Figure 2.5 shows graphically how these control
devices and their control strategies are related. Passive control provides energy storage and
energy dissipation mechanisms to resist the energy demand of the system whereas stable
active control reduces the energy demand of the system by applying control forces or dis-
placements, and adjusting their magnitude over time in such a manner that the resulting
motion is constrained within the desired limits. If the control is passive, the percentage of
the energy storage (elastic) versus energy dissipation (damping) required has to be taken
into consideration, and the type and properties of passive energy dissipation devices need to
be specified. If active control is used to supplement passive control, the type and capacity
of the force actuator needs to be established. A variety of control approaches to augment
aeromechanical stability of BMR’s is summarized in Table 1 and have been investigated.
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Table 2.1: Aeromechanical Stability Augmentation Techniques
Passive Active Semi-Active
Hydraulic Dampers Blade Pitch Control ER & MR Fluids
Elastomeric Dampers Individual Blade Control Variable Friction Dampers




Passive strategies have been employed extensively for augmenting aeromechanical stability
in soft-inplane rotors. Passive control resources are characterized by the dissipative nature
of their control forces and the fixed characteristics of the devices (e.g., damping coefficient).
Once installed, a passive system cannot be modified easily. Thus, passive devices are of-
ten optimally tuned to protect the structure from a particular dynamic loading, and thus
the performance of these devices is suboptimal for other loading scenarios and configura-
tions. The inability to change a passive control system dynamically to compensate for an
unexpected loading tends to result in an overly conservative design. When self-weight is
an important design constraint such as in aircraft structures, one must avoid being overly
conservative. Additionally, studies show that the passive control is not very effective in
fine-tuning the response in a local region. Notwithstanding these limitations, the potential
for improving the performance by dynamically modifying the loading and system properties
exists.
Common techniques for passive lag damping include the use of hydraulic, elastomeric
or fluid-based dampers in addition to structural and aerodynamic design optimization of
blades, each of which is further discussed in detail below.
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2.2.1.1 Hydraulic Dampers
Hydraulic dampers rely upon throttled flow of fluids that generate damping forces pro-
portional to the square of velocity. This can result in extremely high damping forces when
amplitudes increase. Hydraulic dampers are prone to leakage problems and have a short life
due to a large number of moving components and seal wear resulting in higher maintenance
cost. The weight and size of these dampers result in another penalty due to high parasitic
load and aerodynamic drag (McGuire, D. P. [76], Panda, et al. [90], Wereley and Kamath
[118]).
The modeling of nonlinear hydraulic dampers for rotorcraft applications is very well
explored (Tarzanin and Panda [108]). The focus of recent research in hydraulic dampers
has been associated with the implementation of nonlinear behavior in the aeroelastic code
and the improvement of materials to reduce the damper size and weight and extend its life.
2.2.1.2 Elastomeric Dampers
Elastomeric dampers employing bonded elastomeric material exhibit viscoelastic behavior
under dynamic conditions, dissipating energy through hysteresis. These materials respond
nonlinearly to the amplitude of motion, frequency of motion, and temperature. Compared
with conventional hydraulic dampers, elastomeric dampers are lighter in weight and have
fewer parts. They do not have the sliding seals of hydraulic dampers and are not affected
by sand and dust. Elastomeric dampers exhibit gradual deterioration, detectable by visual
inspection (Panda et al. [90]). These elastomers are rapidly gaining popularity as a solution
for designing lag dampers with high damping capability, and have been utilized for both ar-
ticulated and BMR rotor systems; examples include the Boeing AH-64 Apache, the Boeing
CH-47F Chinook, the Bell model 412, the Sikorsky RAH-66 Comanche, and the McDonnell
Douglas Explorer.
Many researchers have focused on the analytical and empirical modeling of the nonlin-
ear behavior of elastomeric dampers. Friedmann [38] provided a comprehensive review of
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the elastomeric models developed in the last decade. Recent developments in the area of
material science have led to the development of very high loss factor elastomers. Neverthe-
less, the design of elastomeric dampers is hindered by its complex behavior (McGuire [76]).
An elastomeric damper is nonlinear and highly dependent on frequency, temperature and
loading conditions such as preload and excitation amplitudes. The damping of an elastomer
has been shown to degrade substantially at low amplitudes, causing undesirable limit cycle
oscillations. Consequently, alternative methods for augmenting aeromechanical stability are
explored.
2.2.1.3 Fluid Filled Dampers
Fluid filled dampers combine benefits of bonded elastomeric dampers such as simplicity,
lightweight, reliability, energy storage capacity, multi-axis spring rate capability and main-
tenance free operation with the broader range of dynamic capability provided by non-toxic,
non-corrosive fluids. These dampers are exclusively manufactured by the Lord Corpora-
tion under the trade name of Fluidlastic. Fluidlastic dampers (McGuire [76]) enjoy several
advantages over hydraulic dampers in the sense that they do not require dynamic seals, ex-
tremely close tolerances, plated surfaces and polished finishes on the components. As they
are hermetically sealed, they are not affected by sand and dust, are not prone to leakage,
and are thus designed to be maintenance-free. Recent application of Fluidlastic includes
the Bell 430 (BMR), the NH90 (articulated) and the RAH-66 Comanche. McGuire tested
Fluidlastic and elastomeric dampers at Lord to assess their feasibility for helicopter lead-lag
dampers. The dynamic test results showed less dependency of elastic stiffness of Fluidlastic
damper on the dynamic amplitude of the input and higher loss factor in comparison to
elastomeric damper. Panda et al. [90] discussed the efforts of Boeing Helicopters in the
development and implementation of the fluid filled polymer based dampers. The study
showed that these dampers have a more consistent hysteresis loop (less dependent on strain
and temperature) compared to elastomeric dampers and can provide higher damping due
to higher loss factor. In addition, the frequency dependence of the loss factor was found to
be much lower than that of elastomeric dampers.
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Panda and Mychalowycz [89] tested 1/6-Froude-scale RAH-66 Comanche helicopter
BMR in the wind and compared the experimental results with those obtained from analytical
simulation using the mathematical model developed by Boeing. The performance compari-
son of elastomeric and Fluidlastic dampers showed that the elastomeric snubbers/dampers
resulted in limit cycle instability due to their nonlinear stiffness, which was eliminated by
Fluidlastic dampers. The Fluidlastic dampers provide more uniform stiffness and hence
have superior performance.
2.2.1.4 Aeroelastic Coupling
Certain drawbacks associated with the use of passive lag dampers such as hub complexity,
weight, aerodynamic drag, and maintenance requirements have led researchers to explore
the concept of a damperless rotor. Out of the several concepts proposed (Ormiston [88]) for
the design of a damperless, yet aeromechanically stable configuration, the use of aeroelastic
couplings to augment rotor-body aeromechanical stability has shown some promise. A num-
ber of mechanisms such as skewed flexures, hub and control system geometry, elastically
tailored composites, and distribution of flap and lag stiffness relative to the effective loca-
tion of the pitch bearing have been observed to create kinematic couplings, such as pitch-lag
coupling, pitch-flap coupling, and structural flap-lag coupling (Ormiston [84], Bousman, et
al. [15], Bousman [14]). Ormiston [84] analytically showed the effect of different couplings
on the aeromechanical stability of a helicopter. The results presented applied to isolated
rotor blade condition and did not reflect the effects of rotor-body coupling. Bousman et al.
[13, 14] experimentally observed that for air resonance, negative pitch-lag coupling individ-
ually or in combination with flap-lag coupling substantially increases the lead-lag damping
of the experimental rotor compared to the baseline. While pitch-lag coupling alone was
not able to stabilize the unstable region, combined effect of both negative pitch-lag cou-
pling and flap-lag coupling provided some damping in the unstable region. King [66] and
Nagabhushanam and Gaonkar [80] once again concluded negative pitch-lag coupling to be
an important parameter in improving air resonance stability compared to pitch-flap and
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flap-lag couplings. Sharpe [94] experimentally investigated the importance of including tor-
sional flexibility in addition to the coupling between flap and lag bending on a stiff in-plane
hingeless rotor in hover. Yeager et al. [123] obtained aeromechanical stability data for a soft
in-plane hingless rotor in hover and forward flight. The investigation examined the influence
of blade sweep, droop, and precone, as well as blade pitch-flap coupling. Zotto and Loewy
[125] observed that pitch-lag coupling increases the landing gear damping requirements for
ground resonance stability despite reducing the required lag damping in hover. Venkate-
san [111] analytically studied the combined effects of pitch-lag, pitch-flap and structural
flap-lag coupling on ground resonance. It was showed that pitch-lag and flap-lag couplings,
although they do not have much influence on the lag regressive mode damping at rotor
angular speeds where regressive mode frequency coalesces with body pitch and roll motion
frequencies (observed by Bousman), positive pitch-flap coupling increased the damping at
these critical rotor speeds. Maier et al. [73] investigated a soft in-plane isolated rotor in
hover and forward flight. The stability data was collected for a variety of flight conditions
and showed the influence of collective pitch in hover and shaft angle, and collective pitch in
forward flight. Tracy and Chopra [109] conducted an experimental study of an elastically
tailored composite blade with coupling due to the orientation of the plies. The experiment
was conducted on a 6-ft diameter Froude-scale model and the experimental results were
compared with the analytical results. The study showed good improvement in damping
due to the elastically tailored composite flexure. The negative bending-torsion (pitch-lag)
coupling was found to be a stabilizing factor, while the positive bending-torsion coupling
could destabilize the system.
Gandhi and Hathaway [42] addressed the need for utilizing optimization techniques
to design the coupling for a broad range of operating conditions such as rotor speeds,
thrust levels, and changes in body inertia. This is necessary since a good coupling design
for one operating condition is often bad for some other operating condition. The authors
demonstrated that by considering a range of operating conditions simultaneously, an overall
feasible configuration could be developed.
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2.2.1.5 Rotor Anisotropy
Rotor anisotropy results from dissimilarity between the blades in a rotor. Studies on the
influence of variations in the blade properties revealed its effectiveness in enhancing aerome-
chanical stability if used properly, as imbalanced rotor anisotropy is a source of high 1/rev
hub vibrations. Thus, an even number of blades in a rotor system in conjunction with
identical opposite blades is required. The dissimilarity in the blades can be introduced by
varying certain properties such as stiffness, damping, inertia and aerodynamic properties
from one set of blades to another. Weller and Peterson [117] experimentally examined the
influence of lag dampers with dissimilar stiffness on the rotor-body aeromechanical stability
characteristics using a 4-bladed BMR model. Wang and Chopra [112, 113, 114] studied an
unbalanced rotor with a single dissimilar blade. An improvement in the aeromechanical
stability was observed for dissimilarity in mass and lag stiffness of the blade. However,
dissimilarities in elastic, inertial and aerodynamic properties resulted in a drastic increase
in vibratory hub loads. Gandhi [41] and Gandhi and Malovrh [43] analytically investi-
gated balanced rotor anisotropy for aeromechanical stability augmentation. The results of
the study showed that dissimilarity in the lag stiffness, blade mass and blade length are
beneficial for aeromechanical stability while dissimilarity in flap stiffness, lag damping and
aerodynamic properties has virtually no influence.
2.2.2 Active Control
An active structural control is one which has the ability to determine the present state of
the structure, decide on a set of actions that will change this state to a more desirable one,
and carry out these actions in a controlled manner in a short period. Such control systems
can theoretically accommodate unpredictable environmental changes, meet exacting per-
formance requirements over a wide range of operating conditions, and possibly compensate
for the failure of a limited number of structural components. The use of active control
for aeromechanical stability augmentation has been explored by many researchers and has
shown some promise. However, safety and stabilization of such an approach require in-depth
study before it can be safely integrated into the system.
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2.2.2.1 Active Blade Pitch Control
Most of the studies on active aeromechanical stability augmentation have dealt with active
control of the blade pitch using the swash-plate or the pitch link to increase the lag damping,
and moments on the hub to mitigate the coupled rotor-body vibrations. Straub and Warm-
brodt [105] analytically studied two mechanisms to stabilize ground resonance by controlling
the swash-plate based on the fuselage position, velocity and acceleration feedback. The first
mechanism dealt with controlling body pitch and roll through flapping moments, and sec-
ond one involved augmenting the lead-lag damping through Coriolis coupling with blade
flapping. The scheduling of feedback parameters led to increase in damping augmentation.
Straub [104] later used a linear optimal controller (LQG) for a four-bladed articulated ro-
tor helicopter and showed that choice of appropriate feedback signals from these full-state
compensators resulted in sufficient lead-lag damping of the closed loop system throughout
the range of rotor speed under consideration. Takahashi and Friedmann [106] again used
active control through cyclic inputs to the swash-plate to control air resonance of a hinge-
less rotor. The feedback of body states in this study resulted in poor lead-lag damping and
destabilization of the progressive lead-lag mode.
Weller [116] experimentally studied the aeromechanical stability of a BMR by controlling
the cyclic inputs though the swash-plate, which were proportional to fuselage pitch and roll
position and velocity. Results showed that the fuselage position feedback had a stabilizing
influence on the minimum damping at resonance. Following this work, Gandhi and Weller
[44] conducted analytical study of the same BMR configuration and investigated the use of
acceleration feedback.
2.2.2.2 Individual Blade Control
Apart from studies involving swash-plate control to augment aeromechanical stability, few
researchers have attempted to use the concept of individual blade control (IBC). The tech-
nique involves implementation of actuators for each blade in the rotating system. Ham et al.
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[51] showed that feeding back lag velocity to the individual blade pitch control can gener-
ate blade-flap velocity which results in an in-plane moment due to Coriolis force, opposing
lag motion. Kessler and Reichert [65] studied the concept of IBC on an articulated rotor
analytically. The study conducted on a single blade model, neglecting fuselage coupling,
resulted in significant active damping by position and rate feedback without significantly
altering the rotor dynamics. Scheduling of the feedback gain was not necessary and a simple
controller gain was sufficient for a whole range of advance ratios. Hathaway and Gandhi [52]
analytically studied IBC for alleviation of ground resonance problems in hingeless as well
as a bearingless main rotor using fuselage interaction. The results showed the effectiveness
of this technique over both aeroelastic coupling and active control through the swash-plate
to introduce the cyclic pitch inputs.
2.2.2.3 Constrained Layer Damping
In the Constrained Layer Damping treatment, a viscoelastic material (VEM) layer is sand-
wiched between the base structure and a constraining layer. The configuration is termed
as passive constrained layer (PCL) treatment (Fasana et al. [29], Cai et al. [16], Zheng
et al. [124]) if the constraining layer is used as a passive element. Such system has ef-
fectiveness limited to narrow range of operating conditions due to the degradation of the
damping characteristics of the viscoelastic layers with temperature and frequency. In the
active control systems (Baz and Ro [10], Derham and Hagood [23], Chen and Chopra [19]),
constraining layers consist of piezoelectric layers with the structural system having built-in
sensing and actuation capabilities. The shear deformation of viscoelastic damping layer can
be controlled and actively tuned to enhance the damping characteristics. The constrained
layer damping treatment has been used extensively for structural vibration reduction by
numerous researchers (Shen [95, 96, 97], Azvine et al. [2], Veley and Rao [110], Lesieutre
and Lee [68], Liao and Wang [69, 70, 71], however, the implementation of this treatment
in a helicopter rotor system for lag damping enhancement has not received much atten-
tion. Recently, Smith and Wereley [99, 100] studied the feasibility of passive constrained
layer damping on helicopter flex beams for rotorcraft stability augmentation. The results
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obtained for a cantilever beam in both rotating and non-rotating environment showed that
the passive constrained layer damping treatment could significantly increase the structural
damping.
2.2.3 Semi-Active Control
Semi-active control devices, also called “smart” control devices, assume the positive aspects
of both passive and active control devices. A semi-active control strategy is similar to
the active control strategy. However, the control actuator does not directly apply force to
the structure, but instead it is used to control the properties of a passive energy device,
e.g., a controllable passive damper. Semi-active control strategies are dissipative in nature,
inherently stable, and require a little energy to operate. Semi-active control strategies
appear to be particularly promising in addressing a number of the challenges facing active
control strategies, in that the devices are low power, fail-safe, and reliable. The semi-active
nature of the damper allow it to be in service when desired. In flight configuration when
high damping is not required (usually forward flight), the damping can be reduced using
an active signal. The reduced damping would reduce the damper loads and thus increase
the damper life. In addition, this type of damper could actively compensate for the loss of
damping due to environmental changes.
2.2.3.1 ER & MR Dampers
Electrorheological (ER) and magnetorheological (MR) fluids are able to change between
free flowing Newtonian fluid and a semi-solid with controllable yield strength within mil-
liseconds when exposed to electric or magnetic fields, respectively. These fluids date back
to the late 1940’s (Winslow [121, 122], and Rainbow [92]). MR fluids have been recognized
as having a number of attractive characteristics for use in vibration control applications,
over the last several years (Kamath and Wereley [62, 64], Gordaninejad et al. [50], Weiss et
al. [115], Ginder et al. [48], Spencer et al. [102], Spencer and Sain [103], Dyke and Spencer
[27], Dyke et al. [28]). Some examples of literature proposing ER fluids for application to
structural control include Sims et al. [98], Taniwangsa and Kelly [107], and Ohta et al. [83].
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MR fluids has been found to be a potential material for developing adaptive dampers due
to their high damping capability and smaller size as compared to conventional elastomeric
or hydraulic damper systems. Hurt and Wereley [59] did a comprehensive study of various
designs for MR and ER fluid dampers for stability augmentation of hingeless and bear-
ingless rotors. There are numerous studies examining the MR dampers for helicopter lag
damping applications. Kamath et al. [63] tested an MR damper and a Fulidlastic damper.
The results showed degradation in damping and stiffness of MR dampers due to inherent
nonlinearities in the ON condition. Marathe et al. [75] explored the feasibility of using MR
fluid-based dampers for lag damping augmentation in helicopters. A rotor aeromechanical
model integrated with a MR damper model was analyzed with two different control schemes
- namely the On-Off scheme and the Feedback Linearization scheme. The results showed
that an MR damper of a size comparable to an elastomeric damper can provide sufficient
damping for ground resonance stabilization and can significantly reduce periodic damper
loads with a judicious choice of operation scheme. For a given uncertainty bound, Marathe
et al. [74] derived a worst case scenario and developed a robust controller for MR dampers.
Wereley et al. [119] tested a scaled MR damper for helicopter lag damping. The test
results showed the reduced stiffness of the MR damper when in the OFF condition than in
the ON condition and thus enhanced possibility to reduce damper loads in forward flight
by operating it in the OFF condition. Kamath and Werely [61] investigated distributed
damping of the rotorcraft flexbeam using ER fluids. A non-linear model was developed
that accurately simulates the dynamic characteristics of the ER fluid. Model parameters
were estimated for different values of electric fields using the least squares technique.
2.2.3.2 Variable Friction Dampers
It is well known that dry friction is an effective means of energy dissipation in many me-
chanical systems. Previously, friction dampers were used only in passive contexts (Ferri
[30]). Because the slip force is constant in a passive Coulomb friction damper, this damper
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sticks for relatively low slip velocity without any energy dissipation. A semi-active friction
damper controls the slip force by increasing or decreasing the contact force through feedback
of desired damping. Variable friction dampers have been proposed as cost-efficient vibration
control systems for flexible structures. Semi-active friction dampers have been utilized in
suspension system of automobiles (Ferri and Heck [36]) and proposed for building structures
or bridges subjected to earthquake excitation (Dowdell and Cherry [25], Hayen and Iwan
[53], Akbay and Aktan [1]). Gaul et al. [46] designed two types of semi-active joints for a
large truss structure and used global as well as local controllers to study the effectiveness of
semi-active controls in large space structures. Semi-active friction damping has also been
studied in the context of turbomachinery blades with shrouded interfaces properly designed
to provide displacement dependent dry friction damping (Menq et al. [78]).
While many studies use a discontinuous Coulomb model (Ferri and Heck [35], White-
man and Ferri [120]), references (Menq et al. [78, 77]) utilize a series spring-friction model
that resulted in a “hysteretic spring” characteristic. Gaul and Nitsche [47] and Nitsche and
Gaul [82] used the dynamic friction model proposed by Canudas de Wit et al. [17]. The
friction model was designed to reproduce all observed friction phenomena such as presliding
displacement, stick-slip motion with Stribeck effect, and other rate-dependent phenomena.
To improve the energy dissipation process of a friction damper, various control strategies
have been suggested. Ferri and Heck [36] compared control laws based on pure linear viscous
damping with the similar ones including saturation and filtering effects. The saturation
reduced the peak acceleration level, and filtering provided the lower bandwidth in the
actuator. Although the peak acceleration was found comparable, displacement was found
to be much smaller for the one with filtering and saturation effects. Dupont et al. [26] and
Gaul and Nitsche [47] used control laws based on minimization of the Lyapunov function
representing the total energy of the system. Lane and Ferri [67] compared the viscous
joint control with that of clipped LQR design. LQR based control was found to be far
more effective in dissipating energy at the cost of being the most complex controller of the
25
linear, constant gain design. The semi-active friction damping concept has further inspired
researchers to develop smart joints since friction in joints is the major source of damping
in structures having jointed connections. If controlled, friction in these joints can increase
the inherent damping of the structures and thereby control the vibration response.
2.2.3.3 Semi-Active Joints
Joints provide significant amount of passive damping for flexible structures by means of dry
friction. Hertz and Crawley [54] and Ferri [31, 32, 33] investigated ways to improve the
damping properties of joints. A considerable amount of damping enhancement was found
when normal load was allowed to vary with displacement. The need for active damping in
deployable space structures, where vibration damping by passive joints is not sufficient and
other sources of damping are not realizable, was recognized (Ferri and Heck [34], Namba,
Akoi and Natori [81], Gaul, Albrecht and Wirnitzer [45]). Ferri and Heck [34] considered
passive joint and active joint configurations. The passive joint was created by implementing
curved contact surfaces that allowed the normal force to vary with the change of rotation
angle. Semi-active joints allowed the normal force to vary to optimize the energy dissipa-
tion based on the feedback from the distributed sensors. The passive joint required the
initial tension and the curvatures of the contact surfaces to be chosen a priori which limited
the amount of damping that could be possibly achieved in real time. Ferri and Heck [35],
studied various control schemes to vary the normal force in the joint which has already
been described above. Pun and Semercigil [91] used the Variable Stiffness Control (VSC)
method to actively change the stiffness of the joint using an active torsional spring. The
unclamping and reclamping action of the active spring at the instance of maximum dis-
placement dissipated energy quickly. A semi-active joint designed and patented (German
Patent under DE 19702518 C2) by Gaul utilized a piezoelectric stack actuator to vary the
normal force.
Although semi-active friction dampers have been studied and successfully implemented
in several engineering applications, literature available lacked any record of its study/application
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SEMI-ACTIVE FRICTION CONTROLLED DAMPING
Semi-active damping techniques improve upon the performance of active and passive de-
vices by ensuring the stability of closed loop systems with minimal power input and avoiding
the often required tuning of devices at the natural frequency of the system. The stability
of semi-active devices, based on the fact that they can only absorb or store energy in a
structure, has made it quite attractive, particularly in the field of vibration damping. Out
of several ways to accomplish semi-active damping as mentioned in the literature survey,
dry-friction based damping has gained recent attention owing to its simple modeling and
easy implementation.
Friction based damping is often referred as braking, similar to that in automobiles.
The constant damping rate provided by passive friction dampers is independent of the
frequency of the motion. The constant normal force on the friction interface, often subjected
to a variable environment dependent friction coefficient, makes it unreliable in extreme
conditions. The passive friction dampers are not asymptotically stable i.e., the friction
interface can stick away from the equilibrium position. The undesirable characteristics of
traditional friction damper can be eliminated by actively controlling the schedule of normal
force magnitude, thus transforming it from passive to semi-active. In fact, lag damping is
required for certain flight conditions only at the initiation of instability and damper can be
switched off upon feedback of stable operation of the system. In this chapter, control laws
are derived to maximize energy dissipation in the friction element. The control technique
is further supplemented to perform selective type damping of specific mode/modes in the
dynamic response of the system.
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3.1 Control of Semi-Active Friction Dampers
Several approaches have been taken to derive semi-active control laws which maximize
damper energy dissipation in an instantaneous sense by modulating the normal force at the
friction interface. A brief review of which is given in the previous chapter. The control algo-
rithms have been compared for piezoelectric friction dampers on the basis of several criteria
such as maximum applied control load, resulting peak displacement and peak acceleration.
Although clipped-optimal and bang-bang control are found to significantly reduce the peak
displacement, they often amplify the peak acceleration of the structure when the structural
responses are relatively small or the capacity of the friction damper is sufficiently high,
resulting in acceleration jumps. In the following section, a semi-active control law based on
maximum energy dissipation is derived based on Lyapunov’s stability criterion. The control
law developed is further modified to provide selective damping of unstable modes in the
dynamic response.
3.1.1 Controller Design
Assume that the system dynamics can be described by a linear model with n degrees of
freedom, while friction in m dampers is nonlinear. In general, m < n. The system forcing






fibi = Fext (3.1)
Where bi is defined such that bi
Tx is the relative displacement of the ith friction damper
and fi is the friction force in the i
th damper.
A variety of approaches have been proposed in the literature for the control of semi-
active devices. In developing the control laws, it is to be noted that it is possible to directly
command the ith friction damper to generate a specified force fi which is not possible with
other semi-active dampers such as MR and ER dampers because their damper response is
dependent on the local motion of the structure where damper is attached. In some cases
it is possible to employ Lyapunov’s direct approach to stability analysis in the design of
29
a feedback controller. The approach requires the use of a Lyapunov function, denoted by
V (x, ẋ), which must be a positive definite function of the states of the system, x and ẋ.
Assuming that the origin is a stable equilibrium point, according to Lyapunov’s stability
theory, if the rate of change of the Lyapunov function, V̇ is negative semi-definite , the
origin is stable in the sense of Lyapunov. Thus in developing the control law, the goal is to
choose control inputs for each device that will result in making V̇ as negative as possible.
An infinite number of Lyapunov functions may be selected, that may result in a variety
of control laws. In this approach, the Lyapunov function is chosen to represent the total








The rate of change of energy of the system is given by time derivative of this Lyapunov
function, given as
V̇ = ẋT (Kx+Mẍ) (3.3)










Only the last term containing the normal force can be controlled and is the term of interest























if vi 6= 0
if vi = 0 and
otherwise
|fia | < µNi (3.6)
where fia is the applied force on the frictional interface and the sliding velocity vi at i
th
damper is given by bi
T ẋ.
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Substituting Eq. 3.6 into Eq. 3.5
V̇d = −µN
T |v| (3.7)
The dissipative nature of frictional forces can be observed from the above equation. To







Nmax if υ 6= 0
0 if υ = 0
(3.8)
The resulting control law will command the maximum voltage when relative velocity is
such that energy is being dissipated (producing large dissipative forces), and command the
minimum voltage when energy is not being dissipated. This algorithm is classified as the
bang-bang controller and is dependent on the states of the system.
3.1.2 Selective Damping
For cases where stability of the system is of concern and affected by certain modes of the
system that tend to go unstable, an intelligent approach is to identify the contributing
modes in the system response and subsequently damp out the unstable ones. The mode
selection can be done by studying the frequency response of the system. The advantages
of selective damping are two-fold. Firstly, the amount of power consumption is less since
fewer and required-only modes are damped out. Secondly, in the absence of unstable modes,
unwanted loading on parts of the system by the damper, often a cause of fatigue, is removed.
In particular, wear and tear of the parts and heat generation due to unnecessary frictional
resistance could be avoided.
3.1.3 Viscous Damping
It has been observed that for high contact pressure and slow sliding speed at the frictional
interface, classic Coulomb friction is unable to predict the stick-slip behavior. The bang-
bang controller developed above thus, would cause damper to stick without dissipating
energy in the case of low-level excitation. To improve the energy dissipation of a friction
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damper it seems natural to decrease the slip force with decreasing slip velocity and vice-
versa. The velocity proportional controller N = k |v| prevent the damper from sticking and
produces response resembling a linear viscous damper.
3.1.4 Results
As seen from above relations, a semi-active control law based on the Coulomb friction law is
quite straightforward. To further augment the damping law with selective damping charac-
teristics, the response of the system is studied with respect to different damping techniques
and compared in this section.
The motion of a system consisting of two modes with different frequencies, one of which
has to be suppressed, is considered. The frequency of the lower frequency mode is assumed
to be of 0.33 magnitude while its amplitude is taken to be of unit magnitude. The ampli-
tude and frequency of the higher frequency mode are assigned to be 10 times and 3 times
larger than the respective quantities of the lower frequency mode. The friction damper
characteristics consist of friction coefficient of magnitude 0.3 and normal load of unit mag-
nitude. The case is quite similar to the observed lag motion of rotor blades which contains
regressive lag mode, the primary cause of instability and modes with integer multiple of
the rotor speed (n P). In order to distinguish between different modes, naming convention
of ‘l’ mode and ‘p’ mode is used to refer to lower and higher frequency mode, respectively.
The objective is to damp out the lower frequency mode. The system response is assumed
to remain unchanged throughout the time of consideration, and the effectiveness of each
damping strategy is evaluated based on amount of work performed.
The time rate of response denoted by v can be separated for the two modes as
v = vl + vp (3.9)
The velocity of the total response and that of individual modes is shown in Figure 3.1.
Assuming system response remains unchanged, total instantaneous power as well as work
performed by the damper can be evaluated as
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Figure 3.1: Response velocity variation






The instantaneous power spent and work done by damper on each mode separately can
be obtained as
Pl = −µNvl, Pp = −µNvp if v > 0













3.1.4.1 Case 1: Friction force acts all the time
In this case, friction damper is active throughout the time for which system response is
obtained. As quite expected, the damper behaves indiscriminately to any particular modal
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Figure 3.2: Instantaneous power variation for Case 1
component. Figure 3.2 depicts the instantaneous power supplied for the total response and
the same for each mode separately. The work done by the damper in dissipating ‘l’ and ‘p’
mode is compared in Figure 3.3. The contribution of the damper in damping out the ‘l’
mode is negligible. A magnified plot for work done on ‘l’ mode is shown in 3.4. Friction,
although dissipative overall, can be seen to actually return some of the stored energy to
this mode at certain instants of time. The friction force variation is shown in Figure 3.5.
The change in the direction of friction force with the change of sign of the total response
velocity can be noticed.
3.1.4.2 Case 2: Friction force acts when velocity of ‘l’ mode is maximum
Friction damper acts whenever ‘l’ mode has maximum velocity. In order to specify a definite
time range, a bandwidth of 20% of the half of time period about the maximum velocity
amplitude point is chosen. The damper, thus, discriminates against the ‘p’ mode by oper-
ating only during the time when maximum energy in the ‘l’ mode will be dissipated. Figure
3.6 depicts total instantaneous power supplied and the same for each mode separately. The
work done by the damper in dissipating ‘l’ and ‘p’ modes is compared in Figure 3.7. A
magnified plot for work done on ‘l’ mode, shown in Figure 3.8, exhibits the inefficiency of
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Figure 3.3: Work done for Case 1























Figure 3.4: Work done on ‘l’ mode for Case 1
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Figure 3.5: Friction force variation for Case 1
this control approach since the operation of the damper in fact returns some of the stored
energy to the ‘l’ mode during some of its selected operation intervals. The response is at-
tributed to the fact that at certain instants, although maximum, ‘l’ mode velocity direction
is opposite to that of the total response velocity. The damper operation can be observed
from the friction force variation plot in Figure 3.9.
3.1.4.3 Case 3: Friction force acts when velocity of the response is in same direction
as ‘l’ mode
In this case, the friction damper acts whenever the total response velocity is in the same
direction as that of ‘l’ mode alone. Figure 3.10 shows instantaneous power supplied for
dissipation of each mode separately. The comparison of the plot with Figure 3.13 reveals
that the damper is active only during the time when the ‘l’ mode velocity is in the same
direction as total response velocity. The work done by the damper in dissipating ‘l’ and ‘p’
mode is shown in Figure 3.11. Although negligible compared to the total dissipation, the
damping of ‘l’ mode can be observed from plot in Figure 3.12 to be significant as compared
to previous case. A comparison with the plot in Case 1 reveals that selective damping can
be achieved by using the present control law.
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Figure 3.6: Instantaneous power variation for Case 2























Figure 3.7: Work done for Case 2
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Figure 3.8: Work done on ‘l’ mode for Case 2





















Figure 3.9: Friction force variation for Case 2
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Figure 3.10: Instantaneous power variation for Case 3






















Figure 3.11: Work done for Case 3
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Figure 3.12: Work done on ‘l’ mode for Case 3





















Figure 3.13: Friction force variation for Case 3
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3.1.4.4 Case 4: Friction force acts when velocity of ‘l’ mode is maximum and has same
direction as total velocity of response
Based on the performance of the control approach in Case 3, Cases 2 and 3 are combined
together in the present approach. The algorithm is highly selective in the sense that damper
operation intervals are chosen from those of Case 3 with ‘l’ mode velocity high (in a certain
time range around the maximum) as well. The outcome is less damping for the ‘p’ mode as
can be observed from instantaneous power supplied and work done plots (Figure 3.14, 3.15,
3.16). The two conditions, velocity of the ‘l’ mode being maximum and having same sign
as that of total velocity, may not occur together. Their frequency of occurring together is
dependent on the frequency of ‘l’ mode and its contribution in the response of the system
represented by the amplitude. As a result, absolute damping of the ‘l’ mode is significantly
less as compared to previous case.
























Figure 3.14: Instantaneous power variation for Case 4
3.1.4.5 Case 5: Friction force acts when velocity of ‘l’ mode has same direction as
total velocity of response and normal force is proportional to ‘l’ mode velocity
In this mode, viscous type damping is introduced by making friction force proportional
to the velocity of the response. In addition, damper acts only when total velocity and ‘l’
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Figure 3.15: Work done for Case 4























Figure 3.16: Work done on ‘l’ mode for Case 4
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Figure 3.17: Friction force variation for Case 4
mode velocity have the same direction. The control law in Case 3 is modified by specifying





vl where Nmax is set to unity. The instantaneous power
supplied for the ‘l’ mode damping as shown in Figure 3.18 is almost of the same pattern
as in Case 3. As a result, the amount of work done to damp out ‘l’ mode as shown in
Figure 3.20 is similar to the corresponding plot in Case 3. The work done by the damper in
dissipating energy of the ‘p’ mode shown in Figure 3.19 can be seen to be relatively lower
than the one in Case 3. The viscous type behavior of friction force can be observed from
Figure 3.21
The last three cases are compared for their efficiency in implementing selective damping.
The comparison is shown in Table 3.1. From the standpoint of selective damping, Case 4
gives the best performance since it results in the largest percentage of work performed on
the ‘l’ mode. However, absolute amount of work done on the same mode is significantly
less compared to other cases. Case 3 results in maximum amount of work performed on the
‘l’ mode. Case 5 gives a compromise performance between Case 3 and Case 4 in the sense
that work done on dissipating energies of other modes is less while comparable amount of
work is done on the ‘l’ mode.
43
























Figure 3.18: Instantaneous power variation for Case 5























Figure 3.19: Work done for Case 5
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Figure 3.20: Work done on ‘l’ mode for Case 5





















Figure 3.21: Friction force variation for Case 5
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Table 3.1: Comparison of selective damping control techniques
Work done on Work done on % of Work done on
‘l’ mode ‘p’ mode ‘l’mode
Case 3 2.923 138.994 2.060
Case 4 0.450 13.762 3.169




Ground resonance is a dynamic instability involving the coupling of blade lag motion with
the in-plane motion of the rotor hub. This instability is characterized by resonance of the
frequency of the rotor lag motion (specifically the low frequency lag mode in the nonrotating
frame) with the natural frequency of the structure supporting the rotor. Since the lag fre-
quency depends on the rotor rotational speed, such resonances define certain critical speed
ranges for the rotor. An instability is possible at a resonance if the rotating lag frequency
vζ is below 1/rev, as seen in the articulated and soft in-plane hingeless rotors. The critical
mode is usually an oscillation of the helicopter on the landing gear when in contact with
the ground, hence the name ground resonance.
The hub in-plane motions are coupled with the cyclic lag modes ζc and ζs, which cor-
respond to the lateral and longitudinal shifts of the net rotor center of gravity from the
center of rotation. Since the low frequency lag mode involves whirling of the rotor center
of gravity about the shaft, ground resonance is potentially very destructive; hence avoiding
this instability is an important consideration in helicopter design.
The classic ground resonance analysis considers four degrees of freedom: longitudinal
and lateral in-plane motion of the rotor hub, and the two cyclic lag degrees of freedom.
The actual vibration modes of the rotor support, such as motion of the helicopter on its
landing gear, involves the tilt of the shaft as well, but it is the in-plane motion of the hub
that is the dominant factor in ground resonance. The rotor aerodynamic forces have little
influence on ground resonance, compared to the structural and inertial forces.
In this chapter, ground resonance analysis is performed based on the classical model.
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An equivalent spring-mass-damper model of rotor-fuselage is described in Section 4.1. Gen-
erally, the model in the nonrotating frame of reference is sufficient to assess the stability of
the system. The proposed work involves a friction damper, and as a result, there is high
nonlinearity associated with the damping terms. It is not possible to transform the system
dynamics to the nonrotating frame without involving terms from the rotating frame. The
system equations are derived in the nonrotating frame for the rotor with no lag damper and
later in the blade reference system in Section 4.2 for the same system with friction based lag
damper. Different control algorithms are applied to study the effectiveness of the selective
damping in Section 4.3
4.1 Ground Resonance Model
It is always desirable to select a simplified model in a study that can impart reasonable
understanding of the phenomenon. The classical ground resonance model considers four
degrees of freedom: longitudinal and lateral in-plane motion of the rotor hub and two cyclic
lag degrees of freedom of the rotor blade. The rotor aerodynamic force is neglected in the
analysis because it has little influence on ground resonance compared to structural and iner-
tial forces. A simplified schematic model of the helicopter considered for numerical studies
is shown in Figure 4.1. The analysis examines a rotor having four identical rigid blades
attached to the fuselage which itself is modeled as an equivalent spring-mass-damper sys-
tem located at the hub center. A single blade with the lag damper attachment is shown in
Figure 4.2. Each blade has a lag hinge offset by a distance e from the center of rotation. A
lead lag damper attachment is assumed to exists across the blade and lag hinge, whenever
considered for analysis. The lateral and longitudinal equivalent mass (Mx, My), stiffness,
(kx, ky) and damping (cx, cy) represent the in-plane lateral and longitudinal fuselage mode
characteristics. The rigid blades undergo lag motions, represented by the lead-lag displace-
ment variable φk for k
th blade. The mathematical model for the analysis is derived in

























Figure 4.2: Rotor blade with lag damper attached
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Figure 4.3: Rotor collective lag mode
4.2 Non-Rotating Reference Frame
The rotor equations in the rotating frame describe the motion of each blade separately, while
those in the nonrotating frame describe the motion of the rotor as a whole. For the stability
analysis of the coupled rotor/body motion, the blade equations are generally analyzed in
the nonrotating frame. This can be achieved using multiblade coordinate transformations,
which move the differential equations from the rotating to the nonrotating frame. A N
bladed rotor has N modes in the fixed frame. For the four bladed rotor, the modes corre-
spond to a collective mode, a differential mode and two cyclic modes which are depicted in
Figures 4.3-4.6. All the blades oscillate in phase and with equal amplitude in the collective
mode. While alternate blades move out of phase, though with the same amplitude in differ-
ential mode, also referred as scissors mode, the last two modes of rotor involve the motion
of one set of diametrically opposite blades either leading or lagging that of the other set of
diametrically opposite blades by a phase of 90 degrees. The low and high frequency cyclic
rotor modes are also termed as rotor regressive and progressive modes respectively since the
speed of center of gravity rotation is always lower and higher than the rotor speed in the
respective modes. The equations of motion of a four bladed rotor for the coupled fuselage
and rotor motion are derived in section A.1 of Appendix A. In the absence of damping of






















q̄y = 0 (4.2)
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ζc = 0 (4.6)
The uncoupled dynamics of rotor and hub is studied by setting S̄ζ equal to zero. The
uncoupled hub motion consists of pure harmonic oscillations with natural frequencies ωx
and ωy as noticeable from Equations 4.1 and 4.2. The collective and differential lag modes,
dynamics of which are given by Equations 4.3 and 4.4, are non-reactive modes and their
frequency is independent of fuselage effects. The uncoupled (i.e., shaft-fixed) cyclic lag
motion, without any sort of structural, aerodynamic, or mechanical damping, is a pure
oscillation as well with frequencies |1 ± vζ |. The cyclic lag motion is represented by com-
ponents ζs and ζc whose dynamics are given by Equations 4.5 and 4.6. The high frequency
lag mode corresponds to a progressive whirling motion of the center of gravity at frequency
1 + vζ . For a stiff in-plane hingeless rotor (vζ > 1/rev), the low frequency lag mode is a
regressive whirling motion of the center of gravity at frequency vζ − 1, while for an articu-
lated rotor, vζ < 1/rev, and the low frequency lag mode is a progressive whirling mode of
the center of gravity at frequency 1 − vζ . The uncoupled rotor and support motion is sta-
ble and a ground resonance instability can only be due to the inertial coupling when S̄ζ 6= 0.
The coupling of rotor and support exhibits an interesting variation of frequencies with
rotor angular speed. At some rotor speed, the frequency of the rotor lag motion (specifically
the low frequency lag mode ) coalesces with the natural frequency of the supporting struc-
ture resulting in instability due to resonance of the modes. The ground resonance solution
is generally presented graphically in a form known as a Coleman diagram, which is a plot
52
Table 4.1: Rotor and Fuselage characteristics
Dimensionalized Form Value
Number of blades, N 4
Rotor radius, R 18.5 ft
Operational rotor speed, Ω0 300 RPM
Blade mass, m 6.5 slugs
Blade mass moment, S 65.0 slug-ft
Blade mass moment of inertia, I 800.0 slug-ft2
Lag hinge offset, e 1.0 ft
Lag spring, kq 0.0 ft-lb/rad
Hub mass, Mx 550.0 slugs
Hub mass, My 225.0 slugs
Hub spring, kx 85000.0 lb/ft
Hub spring, ky 85000.0 lb/ft
Fuselage support frequency, ωx 12.148 rad/s
Fuselage support frequency, ωy 18.402 rad/s
of the full system modal frequencies referred to a fixed (inertial) system as a function of
the rotor speed Ω. The Coleman diagram and the modal damping diagram together are
used to characterize stability of a rotor/fuselage system. The system characteristics used
for analysis is given in Table 4.1. The analysis assumes no damping associated with rotor
or fuselage. The Coleman plot in Figure 4.7 presents the frequency variation of two fuse-
lage modes and cyclic rotor modes with rotor speed. It is quite clear from the figure that
while the progressive lag frequency is higher than those of fuselage modes, the regressive
lag frequency becomes locked with the longitudinal fuselage mode first and, subsequently,
with the lateral fuselage mode over a specific rotor speed range. The stability character-
istics of the system is shown in Figure 4.8. The system becomes unstable whenever there
is coalescence of the rotor low frequency mode with the fuselage modes and is identified
from the negative value of the relative damping of the unstable modes, which indeed are the
two fuselage modes. The amount of instability given by the magnitude of relative damping
reaches a maximum at 0.8 relative rotor speed.
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Figure 4.7: Coleman diagram for coupled motion - No damper
It is clear that dynamic instabilities occur as a result of coupling of the lag regressive
mode and the fuselage motion. To alleviate these instabilities, most rotors are equipped
with lag dampers. The landing gear components of fuselage have dampers as well for
shock absorption. The system with linear viscous damping can be analyzed in a similar
manner as above. The case with the presence of linear viscous dampers for support motion is
considered next. The nondimensional damping coefficients are c̄x = 0.1450 and c̄y = 0.1664.









The Coleman diagram is presented in Figure 4.9. A little increase in minimum damping
of the regressive mode is obtained as shown in Figure 4.10. Although enhancing the stability
of such a system, fuselage dampers are unable to stabilize ground resonance. The time
response of rotor and fuselage modes, at the point of maximum instability, i.e., 0.8 relative
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Figure 4.8: Stability characteristic diagram for coupled motion - No damper
rotor speed, is obtained in response to an initial perturbation. The longitudinal and lateral
fuselage modes along with response of blade 1 are depicted in Figures 4.11-4.15. The
collective and differential modes are non-reactive modes and do not grow with time, while
the cyclic modes and fuselage modes go unbounded. The locus of the rotor center of mass
is plotted in Figure 4.16. The x and y coordinates of the center of mass location are
non-dimensionalized with respect to rotor radius.
In order to perform selective damping of the unstable modes, frequency analysis of the
response leading to identification of unstable modes is necessary. The power spectral density
(PSD) for rotor modes, normalized by its maximum amplitude, is obtained in the stable
and unstable range . The relative rotor speed 0.2, corresponding to a stable point in the
stability characteristics plot, is chosen. The frequency spectrum plots for the rotor modes
in stable region are shown in Figures 4.17-4.20. The frequency analysis of the collective
and the differential mode shows the presence of a single frequency close to vζ while that
of the cyclic mode components a1 and b1 indicates the presence of two distinct frequencies
which are close to 1 − vζ and 1 + vζ , referred as the regressive and the progressive lag
frequency respectively. Had there been no damping in the system, the frequency of each
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Figure 4.9: Coleman diagram for coupled motion - With fuselage damper






























Figure 4.10: Stability characteristic diagram for coupled motion - With fuselage damper
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Figure 4.11: Fuselage motion in longitudinal direction at Ω/Ω0 = 0.8











Figure 4.12: Fuselage motion in lateral direction at Ω/Ω0 = 0.8
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Figure 4.13: Rotor collective mode at Ω/Ω0 = 0.8















Figure 4.14: Blade 1 differential mode at Ω/Ω0 = 0.8
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Figure 4.15: Blade 1 cyclic mode at Ω/Ω0 = 0.8

















Figure 4.16: Motion of rotor center of mass at Ω/Ω0 = 0.8
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Figure 4.17: Power spectral density of collective mode at Ω/Ω0 = 0.2
mode would have matched exactly to their corresponding frequency. The cyclic mode itself
shows the presence of a single frequency close to vζ . Next, frequency analysis is done at
relative rotor speed 0.8, which is the point corresponding to maximum instability. The
collective and differential modes, shows the presence of a single frequency as before. The
cyclic mode components, however, shows dominance of the regressive lag frequency this
time. Again, referring to the cyclic mode as a whole, only a single frequency is identifiable.
The frequency plots for the unstable region are shown in Figures 4.21-4.24. The dominance
of regressive mode leads to conclusion that during instability, the mode interacts with the
fuselage modes and is solely responsible for instability and therefore, needs to be suppressed.
In the next section, friction based lag damper performing selective damping of regressive
mode is developed and later system response is analyzed.
4.3 Semi-Active Selective Lag Damping
The dynamic model of the rotor, with added friction dampers for the lag motion, is devel-
oped in the section A.2 of Appendix A. Coulomb’s law is chosen to characterize friction in
the damper model. Under the presence of nonlinear dampers such as friction-based damper,
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Figure 4.18: Power spectral density of differential mode at Ω/Ω0 = 0.2
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(a) ζs (b) ζc
Figure 4.19: Power spectral density of cyclic mode components at Ω/Ω = 0.2
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Figure 4.20: Power spectral density of cyclic mode at Ω/Ω0 = 0.2






















Figure 4.21: Power spectral density of collective mode at Ω/Ω0 = 0.8
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Figure 4.22: Power spectral density of differential mode at Ω/Ω0 = 0.8









































(a) ζs (b) ζc
Figure 4.23: Power spectral density of cyclic mode components at Ω/Ω = 0.8
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Figure 4.24: Power spectral density of cyclic mode at Ω/Ω0 = 0.8
multiblade coordinate transformation does not eliminate the periodic coefficients of the ro-
tor modal terms in the nonrotating system. Hence, transformation from the rotating to the
nonrotating frame is not useful and there is a need for stability assessment of the system
in the rotating frame itself. Again, due to the nonlinear time-dependent damping term,
eigenvalue analysis cannot be done to yield modal frequencies and modal damping of the
system. Hence, time response of blades motion is studied for rotor operation at a particular
rotor speed. The rotor-fuselage parameters for analysis are taken to be the same as used
before and are given in Table 4.1. Although direct transformation to the nonrotating frame
is not possible, cyclic mode, collective and differential modes can be extracted from the
time response of blades as shown in section A.3 of Appendix A.
The selective damping control strategy was proposed and analyzed in the previous chap-
ter. A targeted damping of a mode component distinctly recognized by its amplitude and
frequency in a response consisting of two distinct modes was achieved. The control law aptly
maximized damping of the targeted mode while keeping energy spent on other mode under
control. By setting normal load proportional to the relative velocity, stick-slip behavior of
friction was taken care of. Under extreme conditions resulting in large slip rate, the control
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law would command the actuator to generate force of proportional magnitude which might
cause mechanical damage to the actuator. Hence, the control law needs to be modified to
limit the voltage applied or in turn the force generated by actuator.
The control law governing actuator load output is defined as















where φ̇ is the lag velocity, Nmax is the maximum load capability of actuator, and φ̇0 is
the damping rate control parameter and is further explained below.
The purpose of introducing trigonometric function tanh in the control law governing
actuator response is justified by the fact that the function is a useful and tractable approx-
imation for the saturation behavior of many devices. The piezoelectric actuators used to
vary the normal load are designed for sound functioning within specified operation voltage
range. It is common practice to saturate the control voltage input at a level just below
the maximum threshold of the actuator in order to prevent potential mechanical/thermal
damage. The other parameter φ̇0 decides the steepness of load profile or damping rate for
damper employing this control law. For better understanding by visualization, the above
control law is plotted in Figure 4.25. The term φ̇ has been allowed to vary linearly from 0
to 0.5. As observed from the plot, steepness of the plot can be increased by lowering the
magnitude of the parameter φ̇0. In other words, a higher damping rate can be achieved























As opposed to constant damping rate given by viscous damper, the damping provided
by semi-active damper is adaptive in the sense that damping is dependent on the magnitude
of the lag mode as well. The damping rate can be chosen by setting the parameter φ̇0.
The cyclic lag mode given by Equation A.19, has a single dominant frequency, the
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Figure 4.25: Control law governing actuator response
regressive lag frequency during instability and is the one that needs to be suppressed. The
mode is termed as regressive lag mode and represented by φr. The remaining content of
lag mode is represented by φo such that φ = φr + φo. Depending on the level of selective
nature, two damping strategies are proposed and compared in the following section.
4.3.1 Selective Damping Law 1
In this control law, normal load over frictional interface is made proportional to instanta-
neous regressive lag velocity.















4.3.2 Selective Damping Law 2
This control law goes one step further than previous law by modulating the operation
interval of the damper as well. The control law is based on selective damping strategy















where N on the right hand side of the equation is same as given by Equation 4.11.
4.4 Results
To investigate the efficiency of semi-active friction damper based on two selective control
strategies, the response of the system is evaluated for a small perturbation at relative rotor
speed of magnitude 0.8 which corresponds to the point of maximum instability. The damper
arm length given by di for i
th damper in Equation A.37 and damping parameter φ̇0 are set
to 1.0 ft and 0.01, respectively.
4.4.1 Selective Damping Law 1
The time histories of the fuselage and lag motion are plotted in Figures 4.26 and 4.27
respectively. It can be seen that the friction damper is able to suppress the instability
within a couple of seconds. However, a similar investigation of the system response with the
same maximum normal load level but φ̇0 = 0.05 demonstrated insufficiency of the damper
to suppress instability. This suggests that a study on significance of damping parameter
for ground resonance stability needs to be conducted. The time history of applied damper
moment is plotted in Figure 4.28. The tendency of the damper to apply load proportional
to lag velocity is established. As seen from the plot, when the instability is completely
suppressed, the damper is rendered almost redundant and can be turned off. Figures 4.29-
4.31 show the total work done by the damper to dissipate lag mode as well its modal
components individually i.e., the regressive mode and remaining modes termed as ‘other’
modes. While friction damping ensures that the system energy is always dissipated, the
selective law guarantees regressive mode energy is always dissipated irrespective of that
of other modes. As can be seen from the figure, work done on regressive mode is always
dissipative while work done on other modes can be positive depending on their phase in
reference to regressive mode.
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(a) Longitudinal direction (b) Lateral direction
Figure 4.26: Fuselage motion - Selective damping law 1
4.4.2 Selective Damping Law 2
Keeping all the modeling parameters same except the friction damping control law, response
of the system is evaluated again. The time response of the fuselage motion as well as the
blade lag motion is plotted in Figures 4.33 and 4.34 respectively. The response is similar to
that obtained with Damping Law 1. The sufficiency of the friction based damping technique
in stabilizing ground resonance, irrespective of level of selectiveness, is emphasized. Next,
rotor mode components in the nonrotating frame are obtained and plotted in Figure 4.35.
The regressive lag mode is shown in Figure 4.36. The damper moment is plotted in Figure
4.37. On comparison with same plots from previous results, only a slight difference is seen.
While damper remained continuously active in the previous case, it goes ‘on’ and ‘off’ for
small instants in present case. The damper switching is suggestive of the nature of the
selective damping law 2. The total work done by the dampers as well as work done by
dampers exclusively on the regressive mode is shown in Figures 4.38 and 4.39 respectively.
The work done by the damper on remaining modes of the lag response is plotted in Figure
4.40. While the work done on regressive modes is always negative causing the damping of
that mode, cumulative work done on other modes is positive for some blades and negative
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(a) Blade 1 (b) Blade 2




























(c) Blade 3 (d) Blade 4
Figure 4.27: Blade lag motion - Selective damping law 1
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(a) Blade 1 (b) Blade 2






































(c) Blade 3 (d) Blade 4
Figure 4.28: Friction moment variation - Selective damping law 1
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(a) Blade 1 (b) Blade 2



















































(c) Blade 3 (d) Blade 4
Figure 4.29: Work done by the damper - Selective damping law 1
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(a) Blade 1 (b) Blade 2




















































(c) Blade 3 (d) Blade 4
Figure 4.30: Work done on regressive mode - Selective damping law 1
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(a) Blade 1 (b) Blade 2



















































(c) Blade 3 (d) Blade 4
Figure 4.31: Work done on rest of the modes - Selective damping law 1
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(a) Blade 1 (b) Blade 2
































































(c) Blade 3 (d) Blade 4
Figure 4.32: Regressive mode as compared to rest of the modes - Selective damping law 1
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for others. The components of the lag mode are compared in Figure 4.41. The control law
turning damper ‘off’ whenever sign of regressive mode is opposite to the total lag mode
can be observed. The motion of center of mass of the rotor is plotted in Figure 4.42. The
time histories of the normal load applied by the dampers in all the four blades are shown
in Figure 4.43. As seen from the plot, maximum load applied by the actuator on frictional
interface is of the order of 2700 lbs and is gradually found to decrease until no load is applied
when instability is completely suppressed.
On comparing it with the same plots for the selective damping law 1, only a little
difference is observed. The damper does not seem to save much energy by employing
selective law 2. The reason becomes quite clear after looking at the modal components
of the lag response plotted in Figures 4.32 and 4.41 for the two cases respectively . The
amplitude of the regressive mode is of the same order as that of the rest of the modal
content in the response and the most important of all is the frequency difference between
the modal components, which seems to be very small as seen from frequency spectrum
plots in Figures 4.21-4.24. The selective damping law 2, investigated in depth in chapter
3, utilized the phase lag difference between the modal components to perform selective
damping. Due to negligible difference in the initial phase of modal components as well
as negligible difference in frequency of the regressive mode and rest of modal components,
selective damping law 2 performed no better than law 1.
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Figure 4.33: Fuselage motion - Selective damping law 2
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(a) Blade 1 (b) Blade 2




























(c) Blade 3 (d) Blade 4
Figure 4.34: Blade lag motion - Selective damping law 2
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(a) Collective (b) Differential






























(c) Cyclic (d) Cyclic
Figure 4.35: Components of rotor modes in nonrotating frame - Selective damping law 2
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(a) Blade 1 (b) Blade 2














































(c) Blade 3 (d) Blade 4
Figure 4.36: Regressive lag mode variation - Selective damping law 2
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(a) Blade 1 (b) Blade 2






































(c) Blade 3 (d) Blade 4
Figure 4.37: Friction moment variation - Selective damping law 2
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(a) Blade 1 (b) Blade 2


















































(c) Blade 3 (d) Blade 4
Figure 4.38: Work done by the dampers - Selective damping law 2
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(a) Blade 1 (b) Blade 2



















































(c) Blade 3 (d) Blade 4
Figure 4.39: Work done on the regressive mode - Selective damping law 2
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(a) Blade 1 (b) Blade 2



















































(c) Blade 3 (d) Blade 4
Figure 4.40: Work done on rest of the modes - Selective damping law 2
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(a) Blade 1 (b) Blade 2































































(c) Blade 3 (d) Blade 4
Figure 4.41: Regressive mode as compared to rest of the modes - Selective damping law 2
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Initial Time Final Time 
Figure 4.42: Rotor centre of mass motion - Selective damping law 2
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(a) Blade 1 (b) Blade 2





































(c) Blade 3 (d) Blade 4





The semi-active lag damping concept presented in previous chapter is applied to the UH-60
helicopter model in this chapter. A multibody based comprehensive model of the helicopter
is developed using DYMORE, a finite element based tool for the analysis of nonlinear elas-
tic multibody systems developed at Rotorcraft Center of Excellence at Georgia Tech. The
semi-active lag damping concept is implemented as feedback control law modulating the
frictional resistance in the lag joint attached to the blade and hub. The stability of the
system with reference to ground resonance motion is studied and the effectiveness of the
concept is analyzed.
In the next section, a brief overview of finite element based multibody dynamics formu-
lations is presented.
5.1 Multibody Dynamics Formulations
Multibody formulations allow the modeling of novel rotorcraft configurations of arbitrary
topology through the assembly of basic components chosen from an extensive library of
elements. The element library includes the basic structural elements such as rigid bodies,
composite capable beams and shells, and joint models. Although a large number of joint
configurations are possible, most applications can be treated using the simple lower pairs.
More advanced joints, such as contact and backlash elements are also available in many
commercial codes. All elements are referred to a single inertial frame, and hence, arbitrar-
ily large displacements and finite rotations must be treated exactly. No modal reduction is
performed, i.e. the full finite element equations are used at all times. In fact, with today’s
advances in computer hardware, inexpensive PCs provide enough computational power to
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run complex rotor systems. Hence, resorting to modal reduction in order to save CPU time
might no longer be an overwhelming argument, especially when considering the possible
loss of accuracy associated with this reduction [6].
Rigid bodies can be used for modeling components whose flexibility can be neglected
or for introducing localized masses. For example, in certain applications, the flexibility of
the swash-plate may be negligible and hence, a rigid body representation of this component
is acceptable. Beams are typically used for modeling rotor blades, but can also be useful
for representing transmission shafts, pitch-links, or wings of a tilt rotor aircraft. In view
of the increasing use of composite materials in rotorcraft, the ability to model components
made of laminated composite materials is of importance. Specifically, it must be possible
to represent shearing deformation effects, the offset of the center of mass and the shear
center from the beam reference line, and all the elastic couplings that can arise from the
use of tailored composite materials. Ref. [7] gives details and examples of application of the
integration of a cross-sectional analysis procedure with the multibody dynamic simulation.
A distinguishing feature of multibody systems is the presence of a number of joints that
impose constraints on the relative motion of the various bodies of the system. Articulated
rotors and their kinematic chains are easily modeled with the help of lower pair joints,
i.e. the revolute, prismatic, screw, cylindrical, planar and spherical joints. For example, a
conventional blade articulation can be modeled with the help of three revolute joints rep-
resenting pitch, lag and flap hinges. Another example is provided by the pitch-link, which
is connected to the pitch-horn by means of a spherical joint, and to the upper swash-plate
by a universal joint to eliminate rotation about its own axis.
All joints are formulated with the explicit definition of the relative displacements and
rotations as additional unknown variables. This allows the introduction of generic spring
and/or damper elements in the joints, as usually required for the modeling of realistic
configurations. Furthermore, the time histories of joint relative motions can be driven
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according to suitably specified time functions. For example, in a helicopter rotor, collective
and cyclic pitch settings can be obtained by prescribing the time history of the relative
rotation at the corresponding joints.
5.1.1 Robust Integration of Multibody Dynamics Equations
Special implicit integration procedures for non-linear finite element multibody dynamics
have been developed in Refs. [8, 4]. These algorithms are designed so that a number of
precise requirements are exactly met at the discrete solution level. This guarantees robust
numerical performance of the simulation processes. In particular, the following require-
ments are met by the schemes: nonlinear unconditional stability, a rigorous treatment of all
nonlinearities, the exact satisfaction of the constraints, and the presence of high frequency
numerical dissipation. The proof of nonlinear unconditional stability stems from two phys-
ical characteristics of multibody systems that are reflected in the numerical scheme: the
preservation of the total mechanical energy and the vanishing of the work performed by
constraint forces. Numerical dissipation is obtained by letting the solution drift from the
constant energy manifold in a controlled manner in such a way that at each time step,
energy can be dissipated but not created. The use of these unconditionally stable schemes
is particularly important in intermittent contact problems whose dynamic response is very
complex due to the large, rapidly varying contact forces applied to the system and to the
dramatic change in stiffness when a contact condition is activated. More details on these
non-linearly stable schemes can be found in Ref. [4] and references cited therein.
5.1.2 Solution Procedures
Once a multibody representation of a rotorcraft system has been defined, several types
of analysis can be performed on the virtual prototype. A static analysis solves the static
equations of the problem, i.e. the equations resulting from setting all time derivatives equal
to zero. The deformed configuration of the system under the applied static loads is then
computed. The static loads can be of various types such as prescribed static loads, steady
aerodynamic loads, or the inertial loads associated with prescribed rigid body motions.
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Once the static solution has been found, the dynamic behavior of small amplitude pertur-
bations about this equilibrium configuration can be studied. This is done by first linearizing
the dynamic equations of motion, then extracting the eigenvalues and eigenvectors of the
resulting linear system. Due to the presence of gyroscopic effects, the eigenpairs are, in
general, complex. Finally, static analysis is also useful for providing the initial conditions to
a subsequent dynamic analysis. For instance, a rotor run-down simulation would be started
with initial conditions corresponding to the static solution for the rotor rotating at nominal
speed under gravity and aerodynamic loads.
A dynamic analysis solves the nonlinear equations of motion for the complete multibody
system. The initial conditions are taken to be at rest, or those corresponding to a previ-
ously determined static or dynamic equilibrium configuration. Complex multibody systems
often involve rapidly varying responses. In such event, the use of a constant time step is
computationally inefficient, and crucial phenomena could be overlooked due to insufficient
time resolution. Automated time step size adaptivity is therefore an important part of the
dynamic analysis solution procedure. A simple but effective time adaptive procedure is
developed for the integrators used in this effort, as detailed in Ref. [3]. This automated
procedure is crucial for the analysis of contact problems. Indeed, very small time steps
must be used during the short period when impact occurs, whereas much larger time steps
can be used when the stops are not in contact. Using the small time step for the entire
duration of the simulation would needlessly increase the required computational resources.
The finite element based, multibody dynamic analysis of rotorcraft generates massive
amounts of data that can be processed in a variety of ways. Apart from standard time
history plots of positions, velocities and stresses in any point of the model, objects of the
multibody system can be viewed in a symbolic manner to help model validation, or with
associated predefined geometrical shapes to improve the realism of the visualization. For
static analysis, step-by-step visualization is provided together with eigenmode animation.
For dynamic analysis, the time dependent system configuration is displayed, and different
vector-type attributes, such as linear or angular velocities, internal forces or moments,
curvatures or strains, and aerodynamic forces or moments can be added.
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5.2 UH-60 Multibody Model
A brief description of comprehensive UH-60 helicopter model as implemented in DYMORE
is presented in this section. The two parts of the helicopter model, namely rotor and
fuselage-landing gear are developed separately and then coupled together.
5.2.1 Rotor Model
Figure 5.1 depicts the conceptual representation of a rotor system as a flexible multibody
system that is used for this study. The picture shows a classical configuration for the con-
trol chain, consisting of a swash-plate with rotating and non-rotating components. The
lower swash-plate motion is controlled by actuators that provide the vertical and angular
control inputs. The upper swash-plate is connected to the rotor shaft through a scissors-
like mechanism, and controls the blade pitching motions through pitch-links. This familiar
control linkage configuration can be modeled using the following elements: rigid bodies,
used to model the lower and upper swash-plate components and scissors links, and beams
for modeling the flexible shaft and pitch-link. These bodies are connected through stan-
dard mechanical joints: a hinge, called a revolute joint in the terminology of multibody
dynamics, connects the upper and lower swash-plates, allowing the former to rotate at the
shaft angular velocity while the latter is non-rotating. Revolute joints also connect the
scissors links to each other and to the upper swash-plate, thereby synchronizing the shaft
and upper swash-plate. Other types of joints are required for the model. For instance, the
lower swash-plate is allowed to tilt with respect to an element that slides along the shaft,
but does not rotate about the shaft direction. The universal joint, a sequence of two rev-
olute joints whose mutually orthogonal axes of rotation lie in a common plane, serves this
purpose. Similarly, the pitch-link is connected to the pitch-horn by means of a spherical
joint that allows the connected components to be at an arbitrary orientation with respect
to each other.
The Sikorsky’s UH-60 is a four-bladed helicopter whose physical properties are described




















Figure 5.1: Multibody of the rotor
featuring the blade root retention structure, pitch link and pith horn, swash-plate, and lead-
lag damper. The blade is modeled using thirteen cubic beam elements. The root retention
structure is split into three separate segments modeled, from hub to blade, with three,
two, and two cubic beam elements, respectively. The first segment is attached to the hub.
The first two segments are connected to each other by an elastomeric bearing modeled by
three co-located revolute joints. The physical characteristics of the bearing are simulated
by springs and dampers in the joints. The last two segments are rigidly connected to each
other and to the pitch horn. Finally, the last segment is rigidly connected to the blade
and damper horn. The pitch angle of the blade is set by the following control linkages:
the swash-plate, pitch link, and pitch horn. The pitch link, modeled by three cubic beam
elements, is attached to the rigid swash-plate by means of a universal joint and to the rigid
pitch horn by a spherical joint. The damper arm and damper horn are modeled with rigid
bodies. The lead-lag damper is modeled as a prismatic joint damper with pressure relief
valves, as described in earlier sections; its end points are connected to the damper arm and
horn; the physical properties of the device can be found in Ref. [57].
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Figure 5.2: Sikorsky’s rotor system with integrated semi-active lag damper
5.2.2 Fuselage-Landing Gear Model
The rotor-fuselage-landing gear model of the Sikorsky’s UH-60 helicopter is shown in Figure
5.3. The landing gear and rotor assembly are attached to the fuselage at its two end
attachment points. The center of gravity of the fuselage-landing gear model lies at the
attachment of the gear with the fuselage. The landing gear consists of three supporting
structures, left, right and tail gear respectively. The structure is transformed to a simplified
spring-mass-damper model as shown in the Figure 5.5. The fuselage is represented by a rigid
body with appropriate mass and inertia characteristics. Each gear consists of a oleo strut
and tires represented by springs and damper. The multibody representation as implemented
in DYMORE is derived from the spring-mass-damper model as shown in the Figure 5.4. The
representation is built from the basic structural elements such as rigid bodies, constraint
elements and joint models such as prismatic and flexible ones. The oleo struts are modeled
as prismatic joints which are connected to the tires. The tires have three linear degrees of







Figure 5.3: UH-60 fuselage-landing gear model
oleo strut.
5.3 Semi-Active Damper Model
The lead-lag damper is modeled as a prismatic joint installed across the lead-lag hinge by
attaching one end to the damper arm and the other to the damper horn. The lag motion
of the blade causes relative axial deflection of the joint resulting in generation of resistive
force through in-built damping mechanism.
In the computational model of UH-60 rotor, the semi-active damping mechanism is
realized by designing a feedback controller enforcing frictional resistance variation in the
joint as guided by the control law. The semi-active and selective damping control laws as
derived in previous chapter need feedback of the lag mode and the regressive component
of the lag mode respectively. For the lag damper, the damper stroke q is proportional to

























Figure 5.5: UH-60 landing gear multibody model
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represented by qr is obtained using the multiblade coordinate transformation. Using this
transformation technique, the time rate of regressive lag component given by φ̇r can be
obtained as shown in Appendix B. In the present scenario, regressive component of damper
stroke rate, q̇r is of interest. The computational code DYMORE has in-built sensors for
mechanical measurements. Sensors working in conjunction with controllers are designed to
compute quantities at each time step of the simulation. Velocity sensors sense the relative
motion of the prismatic lag joint. The multibody coordinate transformation is then utilized

















The number of friction models proposed in literature is immense and can be subdivided with
respect to their detail in describing surface contact properties occurring on a microscopic
and macroscopic level. In the past decade, major effort and contributions have been made
in the development of friction models, suitable for analysis and controller synthesis, which
have limited complexity but a rich similarity to practically observed friction properties.
The following qualities of a friction model are considered to be important for controller
design, which are encountered when a mechanical system with friction accelerates from
zero velocity:
• Presliding displacement (stiction), which is a spring-like behavior in the stick phase
due to limited stiffness of contact asperities.
• Static friction, that is assumed to be independent of the velocity, but varies as a
function of the dwell-time when sticking and the rate of increase of the applied force.
• Stribeck curve, i.e., a continuous drop in the friction force for small velocities, which
originates from the transition of boundary lubrication to full fluid lubrication through
partial fluid lubrication.
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• Frictional lag, which is a dynamic behavior that results in a larger friction force for
increasing velocities than for decreasing velocities and becomes more apparent for
large acceleration and/or deceleration.
The LuGre model is a dynamic friction model presented by Canudas de Wit et al. [17].
The model visualizes the friction phenomenon at microscopic level where even the visibly
smooth surfaces are irregular and the contact between two such surfaces occurs at number
of bristle-like asperities. These bristles have certain stiffness and deflect like elastic springs
when a tangential force is applied. Friction is modeled as an average deflection force of
elastic springs. If the deflection is sufficiently large, the bristles start to slip. The average
bristle deflection for a steady state motion is determined by the velocity. It is lower at low
velocities, which implies that the steady state deflection decreases with increasing velocity.
This models the phenomenon that the surfaces are pushed apart by the lubricant, and
models the Stribeck effect. The model also includes rate dependent friction phenomena
such as varying break-away force and frictional lag. The model has the form
dz
dt












where µ is the instantaneous friction coefficient, z the average bristle deflection, v the relative
velocity between the two surfaces, g(v) the Stribeck curve for steady-state velocities, σ0 the
bristle stiffness, and σ1 and σ2 control parameters for dynamic dependence of friction on
velocity. The symbols µs and µk represent the standard coefficients of static and dynamic
friction respectively. The model qualitatively describes presliding behavior as observed from
experimental investigation conducted by researchers.
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5.5 Ground Resonance Analysis
The ground resonance analysis of the UH-60 model is performed in the absence of aero-
dynamic forces and pitch variation. A constant time step size of 256 steps per revolution
is used for the structural equations. Helicopter simulations are obtained for discrete rotor
speeds in the nominal range 0-300 RPM for at least 50 rotor revolutions to allow all the
transients to die out and obtain a periodic solution. The stability of the system is analyzed
for several lag damper configurations as discussed further. For friction based dampers, the
saturation normal load Nmax and damping parameter φ̇0 are kept at constant value of 2000
lbs and 0.2 respectively, for simulations at all rotor speeds. Effect of variation of the satu-
ration normal load and damping parameter will be considered later in the chapter.
The presence of friction dampers adds nonlinearity to the system which is reflected as
small noise in the system response. The Prony’s method is used for the stability analysis
where the tolerably high order of the fit can sufficiently produce an effective partitioning of
the signal and noise.
5.5.1 No Lag Damper
In this configuration, damping associated with the lag damper is assumed to be absent.
Figures 5.6 and 5.7 show damping rate and regressive lag frequency variation with respect
to rotor speed for the present system configuration. The results correspond to that for
a single blade. Results for other three blades are found to be similar. It can be seen
that instability begins at around 75 RPM and reaches maximum around 150 RPM. The
regressive lag frequency variation is found to be proportional to the rotor speed as expected.
The instability at 150 RPM can be observed from time history of damper stroke plot as
shown in Figure 5.8. The roll motion of the fuselage during instability can be observed from
the out-of-phase motion of left and right gear as shown in Figure 5.9.
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Figure 5.6: Damping as a function of rotor speed - No lag damper


























Figure 5.7: Lag regressive frequency as a function of rotor speed - No lag damper
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(a) Blade 1 (b) Blade 2


































(c) Blade 3 (d) Blade 4
Figure 5.8: Damper stroke - No damper
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Figure 5.9: Landing gear motion - No lag damper
5.5.2 Hydraulic Damper
The prismatic joint model of the lag damper is replaced by the hydraulic model of the
damper as developed by authors of reference [9]. Figures 5.10 and 5.15 show damping rate
and lag frequency variation with respect to rotor speed. A stable operation at nominal
rotor speed in the presence of damper is observed. The time histories of the damper stroke,
damper force and work done by the damper at 150 RPM are shown in Figures 5.12, 5.13
and 5.14 respectively.
5.5.3 Semi-Active Damper
The semi-active damper where normal load is a function of lag velocity as given by Equation
4.9 in the previous chapter with lag velocity φ̇i replaced by damper stroke rate q̇i is chosen.
Figures 5.16 and 5.17 show damping rate and lag frequency variation with respect to rotor
speed respectively. Next, simulations are performed at 150 RPM. The time history of the
damper stroke and its time rate is shown in Figures 5.18 and 5.19 respectively. The damper
stroke, representative of lag displacement motion, is stabilized to an equilibrium position
within a few seconds. The normal load clearly follows the pattern of relative velocity as
shown in Figure 5.20. The friction force variation is plotted in Figure 5.21. On comparing it
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Figure 5.10: Damping as a function of rotor speed - Hydraulic damper































Figure 5.11: Lag regressive frequency as a function of rotor speed - Hydraulic damper
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(a) Blade 1 (b) Blade 2


































(c) Blade 3 (d) Blade 4
Figure 5.12: Damper stroke - Hydraulic damper
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(a) Blade 1 (b) Blade 2








































(c) Blade 3 (d) Blade 4
Figure 5.13: Hydraulic damper force variation
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(a) Blade 1 (b) Blade 2






































(c) Blade 3 (d) Blade 4
Figure 5.14: Work done by the Hydraulic damper
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Figure 5.15: Landing gear displacement - Hydraulic damper
with hydraulic force variation plots in Figure 5.13, it is seen that hydraulic damper applied
10 times larger load and hence faster damping. A higher damping rate can be achieved
with semi-active damper also by increasing the saturation normal load level. Effect of
higher normal loads will be considered later in the chapter. Finally, work done by the
damper is shown in Figure 5.22. It is seen that work done to damp the lag motion is of the
same order as observed in the case of hydraulic damper. The landing gear motion is shown
in Figure 5.23. A damping in the rolling motion of the fuselage followed by in-phase motion
of left and right gear is observed.
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Figure 5.16: Damping as a function of rotor speed - Semi-active damping law
5.5.4 Selective Damping law 1
The control law for Selective damping law 1 is given by Equation 4.11 in the previous chapter
with the regressive lag velocity φ̇r replaced by the damper regressive stroke rate q̇r. Figures
5.24 and 5.25 show the damping rate and the lag frequency variation with respect to rotor
speed. The damper stroke motion is shown in Figure 5.26. The damper stroke rate and
its regressive component are shown in Figure 5.27. Again, the simulations are performed
at the same rotor speed, 150 RPM. The normal load variation and friction force variation
in each damper attached to the blade are shown in Figures 5.28 and 5.29 respectively.
Finally, work done by the damper is shown in Figure 5.30. On comparing similar plots
for semi-active damper, it is seen that the time taken to damp out the lag motion is much
less using semi-active strategy than selective damping strategy even when the magnitude of
maximum applied normal load is of comparable magnitude. For better understanding, the
normal force variation for semi-active and selective damping strategies is visualized in the
smaller time range in Figure 5.31. It is clear that the semi-active damper applies higher
load in the beginning while the selective damper, for which damper force is proportional to
the regressive motion, applies lower load until regressive mode becomes a dominant modal
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Figure 5.17: Lag regressive frequency as a function of rotor speed - Semi-active damping
law
component, at which application of selective damping or semi-active damping makes little
difference.
5.5.5 Selective Damping Law 2
The control law for selective damping law 2 is given by Equation 4.12 in previous chapter
with the regressive lag velocity φ̇r replaced by the damper regressive stroke rate q̇r. Figures
5.32 and 5.33 show the damping rate and the lag frequency variation with respect to rotor
speed. Results are extracted for rotor speed of 150 RPM. The damper stroke motion is
shown in Figure 5.34. The damper stroke rate and its regressive component are shown in
Figure 5.35. The normal load variation and the friction force variation in each damper
attached to the blade are shown in Figures 5.36 and 5.37 respectively. Finally, work done
by the damper is shown in Figure 5.38. On comparison with results for selective damping
law 1, there is not much significant difference in the results due to the absence of phase
difference between overall lag motion and lag regressive component, represented by damper
stroke rate and its regressive component respectively, as visible from the damper stroke rate
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(a) Blade 1 (b) Blade 2


































(c) Blade 3 (d) Blade 4
Figure 5.18: Damper stroke - Semi-active damping law
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(a) Blade 1 (b) Blade 2








































(c) Blade 3 (d) Blade 4
Figure 5.19: Damper stroke rate - Semi-active damping law
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(a) Blade 1 (b) Blade 2






































(c) Blade 3 (d) Blade 4
Figure 5.20: Normal load variation - Semi-active damping law
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(a) Blade 1 (b) Blade 2






































(c) Blade 3 (d) Blade 4
Figure 5.21: Friction force variation - Semi-active damping law
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(a) Blade 1 (b) Blade 2






































(c) Blade 3 (d) Blade 4
Figure 5.22: Work done by the damper - Semi-active damping law
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Figure 5.23: Landing gear motion - Semi-active damping law

















Figure 5.24: Damping as a function of rotor speed - Selective damping law 1
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Figure 5.25: Lag regressive frequency as a function of rotor speed - Selective damping law
1
plot. Consequently, the two selective damping strategies yields similar results. A similar
behavior is observed with the classical ground resonance model as well.
5.6 Higher normal load effect
Results obtained so far belong to a case of a constant saturation normal load Nmax and
the constant damping parameter φ̇0. From above results, it is clear that stability can be
achieved with the semi-active damper with the damper load almost 10 times lower than
the hydraulic damper load. A careful look at the normal load developed by the actuator
reveals that the applied normal load never exceeded the 1300 lbs magnitude although the
saturation load level is set at 2000 lbs. This is due to the effect of the damping parameter
φ̇0 which establishes control over the normal load magnitude by controlling the slope of the
load profile. A higher damping rate can, thus, be obtained by setting a lower magnitude
of the parameter. Next, a study is conducted to understand the effect of higher friction
load for achieving faster lag damping. Simulations are conducted for saturation load level
of magnitude 5000 lbs and reduced magnitude of φ̇0 to 0.1. Figure 5.39 shows the overall
damper performance. It is seen that higher frictional load at low relative velocity results in
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(a) Blade 1 (b) Blade 2


































(c) Blade 3 (d) Blade 4
Figure 5.26: Damper stroke - Selective damping law 1
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(a) Blade 1 (b) Blade 2














































(c) Blade 3 (d) Blade 4
Figure 5.27: Damper stroke rate, regressive stroke rate - Selective damping law 1
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(a) Blade 1 (b) Blade 2






































(c) Blade 3 (d) Blade 4
Figure 5.28: Normal load variation - Selective damping law 1
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(a) Blade 1 (b) Blade 2






































(c) Blade 3 (d) Blade 4
Figure 5.29: Friction force variation - Selective damping law 1
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(a) Blade 1 (b) Blade 2




































(c) Blade 3 (d) Blade 4
Figure 5.30: Work done by the damper - Selective damping law 1
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(a) Semi-active damper (b) Selective damper 1
Figure 5.31: Normal load comparison - Semi active damping law vs. Selective damping
law 1






















Figure 5.32: Damping as a function of rotor speed - Selective damping law 2
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Figure 5.33: Lag regressive frequency as a function of rotor speed - Selective damping law
2
stick-slip phenomenon occurring at high frequencies. Consequently, lag motion, although
rendered stable, never dies out completely. A few strategies are tried to alleviate this in
this section with all simulations performed for the case of selective damping law 2.
5.6.1 Notch implementation
In order to reduce the amount of load applied at small relative velocity, which is the reason
behind the stick-slip phenomenon, being observed in the previous case, the controller law
is amended so that when the magnitude of the relative velocity is less than the specified


















The modified control law is compared with the control law without notch velocity im-
plementation in Figure 5.40. The modified law simply represents a shift in application of
the previous law until relative velocity reaches a definite magnitude represented by notch
velocity.
Again, simulations are obtained at 150 RPM for two values of notch velocities, vno
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(a) Blade 1 (b) Blade 2


































(c) Blade 3 (d) Blade 4
Figure 5.34: Damper stroke - Selective damping law 2
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(a) Blade 1 (b) Blade 2


















































(c) Blade 3 (d) Blade 4
Figure 5.35: Damper stroke rate, regressive stroke rate - Selective damping law 2
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(a) Blade 1 (b) Blade 2






































(c) Blade 3 (d) Blade 4
Figure 5.36: Normal load variation - Selective damping law 2
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(a) Blade 1 (b) Blade 2






































(c) Blade 3 (d) Blade 4
Figure 5.37: Friction force variation - Selective damping law 2
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(a) Blade 1 (b) Blade 2




































(c) Blade 3 (d) Blade 4
Figure 5.38: Work done by the damper - Selective damping law 2
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(a) Damper stroke (b) Damper stroke rate










































(c) Normal force (d) Friction force




















Figure 5.39: Damper performance at Nmax = 5000, φ̇0 = 0.1
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Figure 5.40: Controller law variation - with and without notch implementation
= 0.01 and vno = 0.005 respectively. For higher notch velocity, a stable but undamped
motion is obtained as expected, since the friction load applied is much less than the one
required to obtain a stable damping rate. In contrast, lower notch velocity resulted in
sticking-slipping at high frequency as in the previous case. Although notch implementation
eliminated application of normal load at low relative velocity, it did not prevent a sharp rise
of normal load level which is a feature of tanh function governing the controller response.
5.6.2 Modified control law
The control law based on trigonometric function tanh has a high slope at low argument
value resulting in sharp rise of normal load whenever the relative velocity is in the process
of changing direction. In order to enforce a slower normal load level growth at low relative






























































(a) Damper stroke (b) Damper stroke rate










































(c) Normal force (d) Friction force


















Figure 5.41: Damper performance at Nmax = 5000, φ̇0 = 0.1, vno = 0.01
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(a) Damper stroke (b) Damper stroke rate










































(c) Normal force (d) Friction force






















Figure 5.42: Damper performance at Nmax = 5000, φ̇0 = 0.1, vno = 0.005
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Figure 5.43: Controller laws comparison at φ̇0 = 0.8
The modified control law based on the ‘cos’ function is compared to the previous control
law in Figure 5.43.
The parameter φ̇0, although performing the same function of defining the steepness
of load profile, does not resemble in magnitude to its counterpart in the tanh law. The
parameter is lowered to a value of 0.01 and simulations are conducted with the modified
controller at 150 RPM. Results are plotted in Figure 5.44. It is observed that even with
the modified control law, there is no improvement in the damper performance.
From above results, it is clear that neither the implementation of notch nor lowering
the steepness of actuator load at low relative velocity are possible solution to alleviate
the high frequency stick-slip phenomenon. This self-exciting phenomenon is a result of
small perturbations in relative velocity, probably a result of numerical error, magnified at
higher normal load levels. Several strategies tested to alleviate this, thus, failed to obtain
a satisfactory solution. The sensitivity of the controller to minor perturbations reflects
need for more precise controller that will avoid stick-slip response of the system. From the
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(c) Normal force (d) Friction force




















Figure 5.44: Damper performance at Nmax = 5000, φ̇0 = 0.01 with modified controller
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practical standpoint, feedback of relative velocity from sensor will include noise as well and
the control law has to be robust enough to filter out the pure signal from unwanted noise.




SEMI-ACTIVE LEAD-LAG DAMPER DESIGN
An innovative design of a semi-active lead lag damper is proposed and various aspects of
its design in consideration to its practical application in commercial rotors are investigated
in this chapter. The adaptive damping is achieved in the damper by actively controlling
the passive frictional resistance at the joint interface in the lag damper. This type of semi-
active joint is designed in such a way that the normal force in the frictional interface can
be controlled. A mechanism comprising of piezoelectric stack actuator is used to actively
modulate the normal force. The actuator response at a particular instant is determined by
the centralized controller based on the feedback of sensed lag motion of all the blades.
6.1 Control Architecture
A centralized control system based on feedback law is envisioned for aeromechanical stability
of rotors. A block diagram of control system is shown in Figure 6.1. The semi-active lag
dampers are attached to each blade of the rotor system. The feedback of lag motion is
provided to the controller by the velocity transducers attached to the blades. Based on
the sensed state of the lag modes in conjunction with the control law programmed inside
the system, commands are generated by the system for each individual dampers. Lead lag
dampers then respond to the controller by generating the required amount of friction force.
6.2 Piezoelectric Stack Actuator
Piezoelectric stack actuators are chosen for controlling the frictional resistance in the damper.
The number of actuators of given geometric specification and load generating capacity re-
quired in the damper design depends on the damping capacity desired for a particular rotor
configuration. Each actuator is mounted such that it applies a normal force on the frictional






Figure 6.1: Centralized control scheme for semi-active lag damping
damping level. A single piezoelectric element is shown in Figure 6.2(a) and a piezoelec-
tric stack is shown in Figure 6.2(b). Because the actuator only needs to change the normal
force exerted onto the joint element, it requires little actuating displacement and mechanical
power. The stack, which comprises of a number of piezo layers, is a very stiff structure with
a high capacitance. It is suitable for handling high compressive force and collecting a large
volume of charge. The stack actuator uses d33 actuation, where the coefficient represents
the ‘3-direction’ or the thickness direction piezoelectric strain coefficient due to the applied
electric field in the same direction.






















where E33 is the Young’s modulus of the piezoelectric material in the ‘3-direction’, Aa
is the cross-sectional area of the piezoelectric element and ha is its thickness. The free




For the piezoelectric stack with Ne elements shown in Figure 6.2(b), blocked force re-
mains the same as for a single element and is given by Equation 6.1, but the stiffness is





This means that the free displacement of the stack of elements is increased by a factor
of Ne
∆L0 = Ned33V (6.5)
From Equation 6.1, the voltage required for desired damping level can be ascertained.
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Figure 6.3: Proposed lag damper design
6.3 Semi-Active Lead Lag Damper Model
The proposed lag damper model is shown in Figure 6.3. The design consists of a rectangular
chamber with a set of piezoelectric stack actuators attached to the top and bottom surface
of the chamber, and a damper arm running in between the actuators that is connected to
the chamber through a spring on one end and to the lag motion attachment of the blade on
other end. The motion of the damper arm is kept unidirectional by constraining the motion
with rollers. The frictional resistance in the damper is modulated by the actuators through
application of controlled normal load over the frictional interface which is formed by the
friction pads attached on the surface of damper arm and guides attached to the actuators.
There is a small clearance between the friction pads and the guides under zero resistance
condition. The clearance can be made as small as possible so that applied voltage goes in
to generating normal force rather than in free displacement.
One of the major limitations in the use of piezoceramic materials is that they can only
reliably withstand compressive loads, but are notoriously weak in tension and shear. The
purpose of the guides is to provide shear relief to the piezoceramic actuators and thus avoid
problems of shear failure. The shear forces are transmitted into the guides rather than
into the piezoelectric actuator, thus avoiding shear failure. Acting purely on the control
signals generated by the centralized controller, the lag damper is either in the ‘off’ or ‘on’
state at any instant in time. When it is switched from the ‘off’ to ‘on’ state or commanded
to generate a higher normal load level than the one at a previous instant, stack actuators
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thrust upon the guide surface until the desired magnitude of normal load is transferred to
the interface. When it is signalled to reduce damping level, voltage supply to the actuators
is reduced, thus leading to reduced strain in the actuators. When damper is turned ‘off’ by
the controller, actuators have zero strain and the guides are retracted by springs attached
to them.
The damper works in association with the sensor and controller. The sensors attached to
the blades sense the lag motion and pass the signal onto the controller which in turn decides
the frictional resistance to be generated at a particular instant for each blade and commands
the power plant to supply appropriate voltage to the actuator to generate the desired normal
force. The piezoelectric actuator has the ability to generate large forces at high speed but
with very small strain. A piezoelectric actuator interacts with a coupled mechanism, where
the piezo-mechanical performance is defined by the two interacting stiffnesses Spiezo and
Smech, the stiffness of actuator and the stiffness of the actuated mechanics respectively.
The characteristics of a stack actuator are shown in Figure 6.4. When the stiffness of the
restraining material acting against the actuator is infinite, maximum or the block force is
developed. Under no restraint, the actuator displaces maximum and the displacement is
termed as stroke.
A static analysis is needed to estimate the damping capacity of the proposed damper
model. The damper configuration in Figure 6.3 shows two stack actuators present on ei-
ther side of the frictional interface. Depending on the damping level requirements, multiple
actuators can be accommodated in the damper. The equivalent spring-actuator model
representation of the damper is shown in Figure 6.5. The damper model with multiple ac-
tuators would entail similar analysis although with the different equivalent spring stiffness
of the chamber at actuator locations. The model includes every element of the damper
represented by an equivalent spring. The naming convention used to refer to stiffness of































Figure 6.4: Quasi-static characteristics of piezoelectric actuator
Table 6.1: Nomenclature for stiffness of damper elements
Description Symbol
Spring stiffness of the chamber Kc
Stiffness of the stack actuator Ka
Stiffness of the guide Kg
Stiffness of the spring attached to the guide Ks
Spring stiffness of the friction pad Kfp
Spring stiffness of the frictional interface Kfi
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The stiffness of the actuator is available from the catalogue supplied by the manufac-
turer. The equivalent spring stiffness of guides, friction pads and that of the interface is





where E, A, and t refers to elastic coefficient, cross-sectional area and thickness of the ele-
ment respectively.
The enclosed chamber undergoes bending and its stiffness is evaluated in the next sec-
tion. Once that becomes known, stiffness of the entire structure is evaluated.
6.3.1 Spring Stiffness of Chamber
The chamber is analyzed as a frame structure comprised of four beams. The schematic
diagram of the chamber is shown in Figure 6.6 and its deformed configuration is shown in
Figure 6.7. The symmetry in the deformed mode of the chamber can be observed from the
diagram which is further used as a basis for simplified analysis. The static analysis results
in following equation for the spring stiffness of the chamber at the actuator location.
Kc =
96EI (l + h)
(l − d)2
[
(l + d)2 + 4h (l + d) + 4d (h− d)
] (6.7)
The stiffness term contains several parameters such as material properties, dimensions
of the damper and spacing between the actuator directly affecting the damper performance
for a given design.
At any instant of time, damper is either in the ‘off’ or ‘on’ state. While in the ‘off’ state
which is also the default configuration, the actuator is in relaxed state and the actuator-
guide combination is isolated from the frictional interface. When damper is turned ‘on’,
until the voltage applied to the actuator is below critical level, damper is still inactive i.e.,
does not generate any frictional resistance. At the critical voltage, the actuator-guide com-





















Figure 6.7: Damper deformed configuration
goes towards increasing normal load over the frictional interface with little contribution
towards elastic deformation of damper elements. Thus, while in ‘on’ condition, the damper
has two distinct configurations trailing each other when damper switches from ‘on’ to ‘off’
state or vice-versa. The two successive configurations are further referred as ‘open’ and
‘closed’ configurations. In the ‘open’ configuration, the actuator is still acting against the
load due to the guide and its spring attachment. In the ‘closed’ configuration, the actuator
is acted upon by spring load of additional elements such as the friction pad and the frictional
interface.
In either of ‘on’ or ‘off’ configurations, the spring-actuator equivalent model of damper
is symmetric. Taking advantage of symmetry, we need to model only a part of the actual
structure about the line of symmetry and this simplifies the analysis.
6.3.2 Open configuration
In the open or ‘non-reactive’ configuration, the damper can be represented by an equivalent
spring-actuator model as shown in Figure 6.8. The stiffness of the effective spring load
acting on the actuator is obtained from a simplified configuration, different steps along the











Figure 6.8: Spring model of the lag damper in ‘open’ configuration
actuator constitutes an equilibrium process. Further, piezoelectric and stiffness properties
of the stack are assumed to remain constant throughout the process. The stack is assumed
to be devoid of any prestressing by an internal spring inside the casing.







Substituting for ∆L0 from Equation 6.3, displacement of the piezoelectric actuator in







The damper is in an open configuration until the actuator-guide arrangement displaces
by an amount equal to the clearance between the friction pad and the guide which is
equivalent to making the first contact. The following relation is satisfied by the stack
expansion/contraction and guide deformation during the open configuration
∆L+ ∆Lg < c (6.11)







From Equations 6.11 and 6.12, critical voltage Vc, required to displace actuator-guide












Once the clearance gap is filled, the damper is in a closed configuration.
6.3.3 Closed configuration
The damper model in this case involves stiffness from the frictional pads and the frictional
interface which can be simplified to an equivalent mirror-half actuator-spring configuration
as shown in Figure 6.9. Following various stages of simplification as shown in the figure,





where KN = 4KcKfpKgKs + 2KcKfiKgKs + 2KfiKfpKgKs +KcKfiKfpKg and
KD = 4KcKfpKs +2KcKfiKs +2KfiKfpKs +2KcKfpKg +KcKfiKg +KfiKfpKg +KcKfiKfp
The displacement of the actuator can be evaluated as in the previous case and is given
by Equation 6.10 with Keff replaced by the one obtained in Equation 6.14. The external
force developed by the actuator can be obtained in terms of voltage as
Fb = Keff ∆L = Ned33
KaKeff
Ka +Keff
(V − Vc) (6.15)
6.4 Power Requirements
Electric power requirements are a major factor in designing active material actuation sys-
tems. Piezo actuators operate as capacitive loads. For static operation only the leakage
current has to be supplied, which is in the micro-amp or sub-micro-amp range due to high










Figure 6.9: Spring model of the lag damper in ‘closed’ configuration
actuators consume almost no energy in a static application and therefore produce virtually
no heat.
The semi-active lag damping concept presented in this work involves dynamic operation
of the piezo actuator. Depending on the instantaneous direction and magnitude of regressive
mode content in the lag mode in conjunction with control law, power input to the strain
actuator is decided. The actuator of given electromechanical properties supplied by the
manufacturer is calibrated beforehand to generate desired resistance for known voltage
application. As seen from above equations, capacity to generate load of definite magnitude
by an actuator not only depends on the stiffness of the actuator but that of other elements
in the damper as well. In dynamic applications the power consumption increases linearly
with frequency and actuator capacitance. High-load actuators with larger ceramic cross
sections have higher capacitance than small actuators.
146
6.4.1 Electrical Power Input
For applied voltage of the form v(t) = V0 + V sin (ωt), peak power per cycle is obtained by
the authors of the reference [49] for low-damping mechanical system, driven well below the
mechanical resonance frequency and is given as
















and χ(v0) is an approximation for the reactive power coefficient in the range −1.5 < v0 =
V0
V < 1.5, given by the formula
χ(ν0) ≈ 1 + 1.62 |v0| (6.18)
The full stroke electromechanical coupling coefficient of the actuator referred by symbol k33








where s33 and ε33 are zero-field elastic compliance and zero-stress electrical permittivity
respectively.
While the above expression for power input to an induced strain actuator is specific to
the voltage input for which it is derived, nonetheless certain inferences can be made about
dynamic power and energy capabilities for the proposed adaptive lag damper based on piezo
actuation.
The reference electrical energy amplitude, (1/2)CV 2, the last factor in Equation 6.16
can be easily calculated for a given active material stack from manufacturers’ specifications.
It can be observed from the equation that input power increases linearly with frequency.
The second and third factors in Equation 6.16 are modifiers that take into account the bias
voltage effects and the external loading conditions, respectively. The peak input power per














































Figure 6.10: Variation of input power with stiffness ratio
input power vs. stiffness ratio r as shown in Figure 6.10 reveals that the peak input power
per cycle decreases as the stiffness ratio increases. For a fully blocked actuator (r → ∞),
the relative reduction in peak input power is maximum, and equal to (k33)
2. The practical
values of k33 varies between 0.6 and 0.7, with a potential power reduction of as much as 50%
for a fully blocked actuator. This implies that in order to achieve power savings, damper
elements contributing to Keff has to be made as stiff as possible. A fully blocked actuator
also has zero output displacement and hence does not deliver any power output.
6.4.2 Mechanical Power Output
The power output from an induced strain actuator varies strongly with frequency. For low
damping mechanical systems, driven well below the mechanical resonance frequency, power











where u is the dynamically induced strain displacement amplitude. From the relation, it
can be observed that power output increases linearly with frequency. The effect of stiffness
































Figure 6.11: Variation of output power with stiffness ratio
stiffness ratio as in Figure 6.11. The output power increases with increase in stiffness ratio
and then decreases.
6.5 Size and Damping Capacity
An analysis of the damping capacity provided by the proposed damper is needed for prelim-
inary design. The damper dimensions are kept in line with those of the hydraulic dampers
installed in rotors of commercial helicopters. As discussed in power requirements section,
input power is minimum when effective stiffness of the equivalent spring load acting on the
actuator is high compared to that of actuator itself. In order to achieve it, stiffness of all
the damper components except the guide springs, is assumed to be reasonably high. Guide
springs are needed just for retracting the guide when the damper is ‘off’ or when actua-
tor load is reduced and springs with minimal stiffness to do the job is desired. Springs of
high stiffness would adversely affect the purpose of achieving high Keff . For other damper
components, a high stiffness to weight material of adequate strength is the best choice
for performance. The chamber component constituting the major portion of the damper
weight is needed to be designed with a light weight material with high stiffness. A highly
stiff carbon-composite material would be an ideal choice. The guides and beam for which
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thickness affects their axial stiffness can be made out of thin aluminium or steel plate.
The metal components can be made of desired thickness by flame cutting or by much ad-
vanced laser cutting techniques. Other important components to consider are the brake
pads which are designed to be made of carbon-carbon composite material infiltrated with
tough ceramic particles. A further discussion on the choice of brake pad material is given
in the next section dealing with design and maintenance issues. A nominal thickness for all
the damper components have been assumed for preliminary investigation. A clearance is
designed between pads and guides for damper to be operational in two different states ‘on’
and ‘off’. Since the total motion of the actuator is on the order of tens of micrometers, the
actuation mechanism must have a high output impedance and small clearance in order to
exert a significant force on the brake pads. The objectives can be achieved by precise ma-
chining and assembly of the damper components as well as precise positioning of the brake
pad relative to the guide surface. It is not intended that these preliminary design analysis
be precise, but rather they should be within an accepted tolerance. The assumed dimen-
sions and properties of various damper components are given in Table 6.2. The mechanical
tolerance or the clearance between the guides and the frictional interface has been assumed
to be 4×10−4 inches. Two different actuators from different manufactures are considered
for analysis. The manufactures’ specified properties of stack actuators are given in Table
6.3. Using the equations obtained, damper performance is evaluated for the given actuators
as shown in Table 6.4. It is seen that the proposed semi-active damper design integrated
with commercially available actuators can generate load comparable to that generated by
a UH-60 hydraulic lag damper.
6.6 Design and Maintenance
For any sophisticated design, manufacturing and operating costs, ease of maintenance, and
efficiency are the most relevant factors in deciding the success of the design. The specific
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Table 6.2: Dimensions and Properties of Damper and its Components
Chamber
Elastic stiffness, Ec ( Ksi ) 29,000
Length, l ( in ) 6.0
Actuator spacing, d ( in ) 2.0
Thickness, tc ( in ) 1.2
Guide
Elastic stiffness, Eg ( Ksi ) 10,000
Thickness, tg ( in ) 0.8
Friction pads
Elastic stiffness, Efp ( Ksi ) 29,000
Thickness, tfp ( in ) 0.4
Friction coefficient, µ 0.35
Friction interface
Elastic stiffness, Efi ( Ksi ) 29,000
Thickness, tfi ( in ) 1.2
Guide springs Elastic stiffness, Ks ( lb/in ) 0.0
Table 6.3: Actuator Dimensions and Properties
P-045.40P P-247.70
Manufacturer PI Ceramic Polytec PI
Diameter ( in ) 1.77 1.38
Length ( in ) 2.48 3.94
Blocking force ( lb ) 9200 6744
Free displacement ( in )x10−6 2.36 4.72
Stiffness ( lb/ft )x106 46.59 25.35
Blocking voltage ( V) 1000 1000
Table 6.4: Actuator Performance Comparison
Actuator 1 Actuator 2
Critical voltage, Vc (V) 166 123
Single Actuator maximum output, Fb (lb) 2200 2300
Equivalent normal force (4 Actuators), Nmax (lb) 8800 9200
Damper maximum resistance (lb) 3020 3220
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components of the proposed lag damper design which contribute the most to identified goals
are the piezoelectric actuator and friction pads. These components can be selected from
the ones commercially available with a wide variety of performance index. The simplified
damper design provides easy assembly of these parts. In comparison to a hydraulic damper,
friction dampers have no hydraulic lines and thus have no leakage problems. The Fluidlas-
tic damper and elastomeric dampers utilizing complex material and fluids are costly while
our damper requires simple components in association with the control law to do adaptive
selective damping.
A design like this would require fewer resources and the production of cost effective and
sophisticated lag dampers can be achieved in little time. Damper maintenance will be due
to wearing of friction pads and reduced performance of the stack actuator; other parts are
less subjected to action and thus less wear and tear. The maintenance and design related
issues of these two parts are considered separately in the following sections.
6.6.1 Actuator
The use of stack actuator for force generation in the lag damper has several advantages.
Piezoelectric actuators can bear loads up to several tons and position within a range of
more than 100 µm with sub-nanometer resolution. The smallest changes in the operating
voltage are converted into smooth movements which are purely based on solid state tech-
nology and not influenced by stiction/friction or threshold voltages. Piezoelectric actuators
offer the fastest response time available. A range of commercially available actuators have
time constants in microseconds and acceleration rates of more than 10,000g’s. A piezoelec-
tric actuator has neither gears nor rotating shafts. Since its displacement is based on pure
solid-state effects, it exhibits no wear and tear. The endurance tests conducted on actua-
tors showed no change in performance after several billion cycles. Piezoelectric actuators
employ ceramic elements that do not need any lubricants and exhibit no wear or abrasion.
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This makes them clean-room compatible and ideally suited for ultra-high-vacuum applica-
tions. The piezoelectric effect is based on electric fields and functions down to almost zero
kelvin, albeit at reduced specifications. However, the insulation materials used in standard
piezo actuators are sensitive to humidity. These actuators are not recommended in envi-
ronments with high relative humidity (more than 60%). Ceramic insulation is available for
actuators operating under extreme conditions (high temperature, high humidity, vacuum,
etc.). With this insulation, actuators can operate reliably at temperatures ranging up to
150◦ C, much higher than the 80◦ C limit found with conventional multilayer actuators.
The ceramic insulation makes sure that actuators are significantly less susceptible to en-
vironmental influences than bare piezoelectric actuators and therefore have a much longer
lifetime, especially when used under extreme conditions such as high humidity
There is no generic formula to determine the lifetime of a piezo actuator because of the
many influencing parameters, such as temperature, humidity, voltage, acceleration, load,
operating frequency, insulation materials, etc. The actuators are designed and built for
maximum lifetime under actual operating conditions. The operating voltage range values
in the technical data tables are based on years of experience with scientific and industrial
applications. For maximum lifetime, operating voltage should not exceed the manufactures’
specifications.
6.6.2 Friction Pads
The success of the friction damper design is also dependent on the material selection and
design of the two contacting frictional surfaces. Due to limited output displacement of
the actuating mechanism and machining and assembly tolerances, material wear should be
minimized. Additionally, since the maximum brake torque is directly proportional to the
friction coefficient (for a given maximum normal force), the frictional coefficient of the two
contacting surface has to be maximized. The contacting surfaces are therefore, designed to
minimize wear, while still retaining a large friction coefficient. The composition, thickness,
and other properties of the friction layer formed when two surfaces interact with each other
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mechanically and chemically, determine the brake’s effectiveness and wear rate. Recently,
much of the emphasis has been on carbon-carbon composites, used in brakes for airplanes,
race cars, and high-end passenger cars. The carbon-carbon composite brake pads are in-
filtrated with tough ceramic particles to better resist wear. The idea is to never have to
replace the pads. This combination provides extremely high wear resistance and a coefficient
of friction of approximately 0.45. Carbon brakes addresses the need for higher temperature
withstand capability and a brake that would not “fade” as the brake grew hotter.
By using damper selectively during parts of the speed range, number of applications of
brake can be significantly reduced and hence brake life increased. In fact, damper operation
is required for certain rotor speed range when helicopter is on ground to avoid ground
resonance and for certain maneuvering flight cases. The damper can be made operational




The research efforts presented in this dissertation may be divided into five main parts.
First, a fundamental study of selective damping strategy using semi-active friction damper
is conducted. Second, ground resonance analysis is conducted on a classical two dimensional
rotor-fuselage-landing gear model with embedded control laws for semi-active friction based
lag damping. Third, ground resonance analysis is performed on a comprehensive computa-
tional model of UH-60 rotorcraft with an integrated lag damper model. Three semi-active
control laws with varying levels of selectivity for regressive lag damping are analyzed to val-
idate and confirm stability trends associated with adaptive friction based damper design.
Fourth, studies are conducted on UH-60 model to study the effects of damper parameters
such as saturation load level and damping coefficient on damper performance. Finally, a
conceptual design of the semi-active friction based lag damper is presented. The major
conclusions reached from five parts of the research are presented followed by the concluding
remarks. In the end, some recommendations for further research on this topic, are presented
in this chapter.
7.1 Study of Semi-Active Selective Damping Strategy
The objective of this research is to gain an understanding of the selective damping strategies
when using a semi-active friction based damper. A system model is designed such that its
response is similar to that of lag motion of rotor blades. The lag motion consists of the
regressive lag mode and higher nP modes. While the regressive mode is unstable, the other
modes do not affect the stability of the system with respect to ground resonance. System
response is assumed to consist of two modes: one representing regressive lag mode and the
other representing the 1P mode. The selective damping strategy dealt with modulating
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the normal force applied at the frictional interface to enhance damping of one mode while
reducing the energy dissipated for the other. Several control strategies are devised in a
heuristic manner. In the first strategy, a normal force is applied when the relative velocity
of the target mode is in a certain range around the maximum. The second control strategy
is derived from the first one by adding a condition requiring the total relative velocity and
the targeted mode velocity to have the same direction for the normal force to be applied.
Making the friction force proportional to the velocity of the selected modal component is
another way of achieving selective damping. The third strategy consists of making the nor-
mal force proportional to velocity of the target mode. In addition, normal force is applied
only when total relative velocity and the targeted mode velocity have the same direction.
The second strategy results in the maximum level of selective damping which is deter-
mined by percentage of energy dissipated of the target mode. The first strategy results
in the least amount of selective damping of the target mode. In terms of total amount
of energy dissipated of the target mode in the same time interval, first strategy performs
better than the others. The third strategy gives a compromise performance between the
first and the second strategy.
7.2 Ground Resonance Analysis Using Classical Model
The classical ground resonance model by Coleman is used for preliminary analysis of semi-
active damping strategies. The classic ground resonance analysis model is derived in the
nonrotating frame for configurations with and without viscous lag damper. In the sta-
ble zone, the cyclic mode has two distinct frequencies, the regressive and the progressive
frequency respectively, while in the unstable zone, the cyclic mode has a single dominant
frequency, the regressive frequency, which is responsible for the initiation of instability. The
coalescence of regressive lag mode with the fuselage mode results in the ground resonance
instability and cannot be suppressed with dampers in the fuselage/landing gear system only.
For the rotor with an integrated friction damper, equations are derived in rotating reference
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frame. The rotor aerodynamic forces have little influence on ground resonance compared
to the structural and inertial forces in the absence of pitch-lag coupling. Different control
algorithms are applied to study the effectiveness of selective damping strategies. In the first
selective damping strategy, normal load is made proportional to the hyperbolic tangent
variation of the regressive lag mode while in the second strategy, an additional condition is
imposed on control law of the first strategy requiring the damper to be active only when
lag velocity and its regressive component have the same direction.
Both selective damping strategies showed promising blade lag damping augmentation
and are equally effective in stabilizing ground resonance. Results showed that the second
selective damping does not have any significant advantage over the first selective strategy
for lag damping due to negligible difference between regressive mode and rest of the lag
mode components. The second selective damping strategy utilizes the frequency or the
phase difference between the modal components to damp a specific modal component while
limiting damping of other modes. The frequency as well as phase between the regressive
component and the rest of the components of lag motion are found to be negligible and
hence of no significant benefit.
7.3 Ground Resonance Analysis on UH-60 Model
A comprehensive model of the rotorcraft is developed using multibody finite element based
formulations. The semi-active lag damping concept is implemented as a feedback control
law modulating the frictional resistance in the lag joint attached to the blade and hub. The
rotor configuration with hydraulic damper is chosen as the baseline case for comparison.
Three different control strategies governing the actuator behavior are considered. In the
first approach, the normal force is a function of the damper stroke rate which is directly
proportional to the lag velocity. This semi-active variation of friction level has zero se-
lectivity level for any mode, which means that it does not discriminates amongst modal
components. The second and third strategies are same as the first and second strategy
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considered in the classical ground resonance analysis with the regressive velocity replaced
by the regressive component of the damper stroke rate. Simulations are conducted for a
range of rotor speeds from rest to nominal speed to obtain the regressive frequency and
damping rate as a function of rotor speed. Damping rate for a particular lag frequency is
obtained from the time history of the lag mode using the Prony’s method. The stability of
the system with reference to ground resonance motion and effectiveness of the concept is
analyzed and compared for each damper configuration.
1. There is a significant potential for improving damper performance by replacing a
passive lag dampers with semi-active dampers. Damping level comparable to those provided
by hydraulic lag dampers can be achieved with semi-active dampers. Furthermore, damping
levels provided by semi-active damper can be adaptively tuned to meet the required damping
level for specific flight conditions. The adaptive nature of the damper allows it to be in
service when desired. In flight configuration when high damping is not required (usually
forward flight), the damping can be reduced using an active signal. The reduced damping
would reduce the damper loads and thus increase the damper life. In addition, this type
of damper could actively compensate for the loss of damping due to environmental changes
by sensing the applied force and comparing it with the desired one.
2. On comparing the second damping strategy with the first semi-active damping strat-
egy, no significant difference is found concerning the magnitude of load level applied and the
amount of dissipated energy. This is primarily due to the fact that the regressive component
is the dominant lag mode component in the zone of instability.
3. The second and the third damping strategies yield a similar response. This confirms
the observation obtained with the classical ground resonance model that the frequency
difference between regressive mode and rest of lag mode components is negligible. The
presence of phase or frequency difference between the modal components is necessary for
the third selective strategy to distinguish between the modal components and subsequently
damp the desired modes.
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7.4 Effect of Higher Normal Loads
The damper operation at higher normal load leads to occurrence of high frequency stick-slip
events. Two strategies are tested. In one of the strategy, the control law is redesigned such
that for relative velocity below a specific level, referred as notch velocity, the normal load
vanishes. The idea is to have zero normal load whenever relative velocity transitions from
one direction to the other. However, this strategy does not seem to alleviate the problem.
The second strategy involves modifying the control law such that rate of normal load rise
at lower velocity is low as well. This is done by modifying the control law based on ‘tanh’
law to that based on ‘1 − cos’ variation. No significant improvement is observed with the
modified law. A detailed observation of the relative velocity and normal load variation plots
for above results leads to the conclusion that possible reason behind this high frequency
stick slip phenomenon is the small perturbations in relative velocity due to numerical error
which are magnified at higher normal loads. This results in a self-exciting phenomenon
where a large jump in relative velocity magnitude results into large frictional resistance as
per the control law which further cause spikes in relative velocity and the process repeats
itself. This is purely a controller driven numerical problem and not a physical limitation of
the concept.
7.5 Conceptual Design of the Lag Damper
A conceptual design of a semi-active friction lead lag damper is proposed. The adaptive
damping is achieved in the lag damper by actively controlling the passive frictional resis-
tance in the joint using piezoelectric modulation of the normal force. The instantaneous
response of the actuator is determined by the centralized controller based on feedback of
sensed lag motion of all the blades. The various aspects of the damper design with regard
to its practical application in commercial rotors are investigated. Some of the features of
the proposed lag damper are:
1. The damper design is such that multiple stack actuators can be accommodated if
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higher damping capacity is needed. This also provides a fail-safe feature to the damper
design. The maximum friction force generated in the proposed damper configuration with
four commercially available embedded actuators, is shown to be comparable to that of a
UH-60 hydraulic damper. The geometric dimensions of the proposed damper are compara-
ble to those of the hydraulic damper in UH-60 rotor.
2. The simplified spring-actuator model of the damper in the ‘open’ and ‘closed’ config-
uration are developed and are useful in preliminary investigation of the damping capacity
of the damper.
3. The power consumption in the damper is proportional to the frequency of operation
which is the same as the lag mode frequency or the regressive lag frequency depending
on the semi-active or the selective damping strategy. The power requirement analysis is
conducted for sinusoidal voltage operation. It is seen that minimum power input can be
achieved by the choice of appropriate dimensions and material of the damper components
such that equivalent stiffness of the spring load acting directly on the actuator is high com-
pared to that of actuator stiffness.
7.6 Concluding Remarks
The semi-active damping strategy definitely has potential for lag damping augmenta-
tion. This concept is very appealing since it does not make use of complex mechanical
components and eliminates the need for expensive materials as in hydraulic and elastomeric
dampers. The damper design is simple and provides easy assembly and maintenance of its
parts. The piezoelectric actuators with life cycle of the order of billion cycles will certainly
minimize associated maintenance cost. Furthermore, damper design accommodates several
piezoelectric actuators which other than providing the tunable maximum damping level
provides a fail-safe feature as well.
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The damping provided by the semi-active dampers is tunable by design and can be tuned
to various flight conditions. This is in contrast with conventional designs that rely on a
pre-determined damping level, which must be a compromise between the optimal damping
levels that would be required for the various flight conditions. Furthermore, the centralized
control system can operate the various dampers in a locally optimal manner.
The adaptive nature of the damper allows it to be turned ‘off’ ino the absence of in-
stability that eliminates unwanted loading on parts of the system which is often a cause of
fatigue. Furthermore, this eliminates degradation in damping characteristics due to contin-
uous temperature and stress cycling.
The adaptive feature of the damper allows loads proportional to the instability level and
thus results in reduced loads in the blade as well as less wear and fatigue of the damper and
lead-lag link. In addition, it results in very modest amount of power required for operation.
7.7 Recommendations for Further Work
The present study has focused on the feasibility of blade lag damping using semi-active
friction dampers. It should by no means “close the book” on this approach. On the con-
trary, it should open up research on the application of friction based adaptive lag damping
in helicopter rotor design. Further research work is recommended on the following aspects.
The present research investigates the effectiveness of a semi-active damper for ground
resonance only. The verification of the concept for air resonance phenomenon is necessary
before any practical application is possible. The analysis can be done on the same model
with just the inclusion of flight load cases governing the airload distribution and blade pitch
variation. The two selective damping strategies can be tested and compared for maneuver-
ing flights as well.
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So far, the damper has been considered to remain active at all times during the opera-
tional interval of the rotor. The damper operation is unnecessary once a definite stability
margin level is achieved. A control strategy governing switching ‘on’ and ‘off’ of the active
damper is needed to prolong the life of the damper and prevent unnecessary loading on the
associated mechanical components.
An experimental investigation of the strategy needs to be conducted to verify analytical
findings. To begin with, a model damper can be manufactured and tested to observe its
hysteretic characteristics within the laboratory settings by feeding the stroke motion taken
from the time history of the lead-lag motion observed in a actual rotor. On successful
validation of the damper effectiveness, world tower test can be conducted on a prototype
lead-lag damper.
At higher loads, the damper results in stick-slip phenomenon due to inefficient handling
of numerical errors by the controller. Making the actuator response proportional to the
relative velocity results in high-frequency noise in actuator response due to excitation of
numerical errors associated with computation of relative velocity. Hence, an analytical strat-
egy that keeps the actuator response proportional to relative velocity over a broad range




A.1 With No Damper
Referring to the Figure 4.1, coordinates of an arbitrary point p in the blade is
x = qx + e cos (ψi) + r cos (ψi + φi) (A.1)
y = qy + e sin (ψi) + r sin (ψi + φi) (A.2)
Time rate dependency of the position of the point is




sin (ψi + φi) (A.3)




cos (ψi + φi) (A.4)
where ψi = Ωt+
2π
N (i− 1) and φi = φi(t)


























































































rdm = S, where m is the mass of blade and I

































Total kinetic energy is obtained as summation of kinetic energy of hub and those of
individual blades



















where N refers to the number of blades on the rotor.





















Variation of the work done by viscous dampers
δW = −cxq̇xδqx − cy q̇yδqy (A.10)
















































where L = T − U
Lag motion are assumed to remain small, and hence, terms containing products of φ




























(φi sin(ψi)) + kyqy + cy q̇y = 0 (A.14)





φi = 0 (A.15)
In nonrotating frame of reference, blade lag angle for a four bladed rotor (N = 4) can
be written as
φi = ζ0 + ζs sin(ψi) + ζc cos(ψi) + ζE(−1)
i (A.16)
where
Collective mode : φcoll = ζ0 (A.17)
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Differential mode : φdiff = (−1)
i ζE (A.18)
Cyclic mode : φcyc = ζs sin(ψi) + ζc cos(ψi) (A.19)













































































By multiplying Eq.A.15 by (−1)i, cos(ψi), and sin(ψi) separately and summing the
output for all the N(N = 4) blades gives
(−1)i−1Iφ̈i + (−1)
iSq̈x sin(ψi) + (−1)






φi = 0 (A.21)
Iφ̈i sin(ψi) − Sq̈x sin





sin(ψi) = 0 (A.22)






cos(ψi) = 0 (A.23)
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Substituting for terms in Equations A.13, A.14, A.15, A.21, A.22, and A.23 by corre-
















































ζE = 0 (A.27)
I
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ζs = 0 (A.28)
I
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ζc = 0 (A.29)
Writing in non-dimensionalized form using following terms
Nondimensional time, τ = Ωt
Fuselage motion x-direction, q̄x =
qx
R
Fuselage motion y-direction, q̄y =
qy
R
Blade first mass moment, S̄ζ =
RS
I






Fuselage Inertia in x-direction M̄x =
(Mx+Nm)R2
NI
Fuselage Inertia in y-direction, M̄y =
(My+Nm)R2
NI














Fuselage damper in y-direction, c̄y =
cy
My+Nm































+ v2ζ ζ0 = 0 (A.32)
d2ζE
dτ2


























ζc = 0 (A.35)
The collective and differential rotor modes (in the nonrotating frame) given by Equations
A.32 and A.33 respectively are decoupled from other modes for the isotropic rotor. The
two modes can be eliminated from consideration and remaining equations can be written











































1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0




0 0 0 0 0 1 0
S̄ζ
2M̄y
0 0 0 0 −S̄ζ 0 1 0
















































0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0





0 0 0 −c̄x 0 0 0
0 −
ω2y
Ω2 0 0 0 −c̄y 0 0
0 0 1 − v2ζ 0 0 0 0 2
























A.2 With Friction Damper for Lag motion
Variation of the work done by viscous and friction dampers





which can be written as
δW =
[


































where Qi = −µNidisgn(φ̇i)
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, and c̄di =
µNidi
IΩ2
Above equations can be written in the first order form as
SẊ = BX + U (A.42)
where X =
[





















































1 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 1 0 −Sx1 −Sx2 −Sx3 −Sx4
0 0 0 0 0 0 0 1 Sy1 Sy2 Sy3 Sy4
0 0 0 0 0 0 −S̄ζ sin(ψ1) S̄ζ cos(ψ1) 1 0 0 0
0 0 0 0 0 0 −S̄ζ sin(ψ2) S̄ζ cos(ψ2) 0 1 0 0
0 0 0 0 0 0 −S̄ζ sin(ψ3) S̄ζ cos(ψ3) 0 0 1 0













































































0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 1 0









Cy1 Cy2 Cy3 Cy4 0 −c̄y 2Sy1 2Sy2 2Sy3 2Sy4
0 0 −v2ζ 0 0 0 0 0 0 1 0 0
0 0 0 −v2ζ 0 0 0 0 0 0 1 0
0 0 0 0 −v2ζ 0 0 0 0 0 0 1



















































































The information about system variables in nonrotating reference frame can be obtained




















From system response in rotating frame, lag velocities φ̇1, φ̇2, φ̇3, φ̇4 for each of the respective
four blades are obtained.
Using multiblade coordinate transformation, lag velocity of ith blade can be written as
φ̇i = ζ̇0 + Ω (ζs cos(ψi) − ζc sin(ψi)) + ζ̇s sin(ψi) + ζ̇c cos(ψi) + ȧE(−1)
i (B.1)




























Regressive lag velocity for ith blade can now be obtained from lag velocities using Equa-
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